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The work reported herein was accompiished under the direction of 
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NOMENCLATURE 


a = Half crack length 
2a = Crack Tength 

B = Speciuen thickness 
C= Specimen compliance 


COD = Crack opening displacement 
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rentchen thin, -¥e 
jae Se earn 


—E = Elastic modulus 
Fey = 0,2 per cent offset yield strength i 


K = Stress intensity 
K, = Plane stress or mixed mode critical stress intensity 


K _ = Plane strain critical stress intensity 


I 
K, = Appiied stress intensity 


Kp = Stress intensity relating stable crack extension 
and applied load for a given material 


AK = Stress intensity range for a fatigue cycle 


AK. = Threshold stress intensity range for fatigue crack 
propagation 


Ts = Effective total crack length 
N = Number of applied fatigue cycles 
Bs Applied Toad 


R = Stress ratio for a fatigue cycle 
= Oyin/OMaX 
y= Residual 
= Difference between the calculated and measured values 
of the dependent variable 
t = Specimen thickness 
w = Specimen width 
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iT 


Finite width correction factor 


sec (na/w) © 


Applied stress 


Q 
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Net section applied stress 
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Section 1 
lhe iat 
| Much of the Space Shuttle primary structure will use 2024-Ta61 aluminum: 
sheet because of its proven-history in. the aircraft and aerospace industry, its 
inherent high strength at room and elevated temperatures, and its: resistance: to 
stress corrosion cracking. The newer and: higher purity ‘version of the alloy, 2124, 
offers. the ‘Samé ‘basic properties: plus . fuproved Short transverse ductility in thick 
. plate sections. 
- Fracture A dh Nite OR ESP 
Pian for thé Space Shuttle. In order to establish damage’ tolerances: and to select. 
_ proper operating stresses fora safée-lifé structure, a knowledge of. the fracture: . 


“toughness and fatigue crack growth rate values for ‘through- ~the-thickness cracks: 


under plane stress conditions. is essential. Even. though the 2024-1861 alloy has been oe 


reasonably - well characterized for aircraft use, additional data must be generated 
tO encompass the wider operating ‘temperature range» the: higher: operating. stresses, 
and other mission environments for the Shuttle vehicle. Fracture mechanics: theory, 
although considerably. advanced from a decade ago, still Tacks the predictive ? 
capabi Ti ty to handle a wide range of thicknesses, cyclic frequency, operating . ae 

tenperatures, environments. and: SUPE Sses and stress states relative to fracture 
toughness and cyclic crack growth rates. Mtge wile ore 

- The primary objective of. this. program was. to” generate fracture mechanics data” 

for 2024- T861. sheet. and. 2124-T851. plate materials. Both the. fracture. resistance . 


~and the cyclic crack growth behavior of me alloys: were evaluated using a 


ate: 
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variety of test variables, including specimen thickness, specimen orientation, 
test environment, initial flaw size/maximum applied stress, and restraint (thin 


gage only). Variations in frequency and stress ratio were also investigated for 
the cyclic tests. ; 
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Section 2 
PRELIMINARY MATERIALS CHARACTERIZATION 


2.1 MATERTALS 

The materials for the present program were all procured against current 
McDonnell Douglas material specifications, which meet the chemistry and strength 
requirements of Federal Specification QQ-A-250 for 2024 and 2124 sheet and plate. 


Detailed information on the materials is summarized in Table 2-1, 


2.2 SPECIMEN MANUFACTURE 

The smooth tensile specimen shown in Figure 2-1 was used for determining the 
baseline mechanical properties for each alloy/thickness combination. The thickness 
of ali 2024-T861 specimens. was identical to that of the as-received sheet. The 
2124-1851 specimens were machined from the 50.8 mm (2.0 inch) thick plate to a 
thickness of 6.35 mm-(0.250 inch); the thickness dimension of these specimens was 
parallel to the short transverse directio.. of the plate. All specimens were 
selected so aS to supply information on the mechanical properties of each sheet or 
plate of material used; for the 2124-T851 alloy, specimens were also selected to 
monitor any variation in properties. through the thickness of the plate. 

The center cracked tensile specimen shown in Figure 2-2 was used for both 
fracture toughness and cyclic flaw growth testing, A special. tooling jig, shown 
in Figure 2-3, was fabricated in order to ensure that the flaw and loading holes 
were positioned symmetrically with respect to the centerline of each specimen. 

For the 2024-T861 specimens, appropriate size blanks were sheared from each sheet 


of material and then finish-machined using the tooling jig. For the 6.35 mm 
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Table 2-1 


SUMMARY OF SUPPLIER'S INFORMATION 


2024-1861 2124-T851 


REYNOLDS ALCOA 














SUPPLIER: 
APPLICABLE SPECIFICATION: 


© MCDONNELL DOUGLAS 
° MILITARY 










MMS 1408 
QQ-A-250/4 


MMS 149 
QQ-A-250/2% 





HEAT TREATMENT * : 


© SOLUTION TREATMENT {| 
© STRESS RELIEVED 
© AGING TREATMENT 









766°K (920°F), WO 
COLD ROLLED 
A64°K (375°F)/8 HOURS 


766°K (920°F), WQ 
CCLD STRETCHED 
464°K (375°F),/12 HOURS 









SIZE: 









° THICKNESS (mm) 
(in) 


(cm) 
(in) 


° LENGTH (cm) 244 
(in) 96 


145 144 


* As specified in Reference (2-1) 






48 





















366 














1 WQ: Water quenched 
2 1.5-3.0 percent deformation 
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wal : ; SR., ALL CORNERS (OPTIONAL) 


0:19 +08 (TYP) 






+ 0.05 
95 0.00 DIA TOOLING AND 


LOADING HOLES (2 REQ) 


‘76 +1.5-R (TYP) 


. — 


203 + 1.5 ALL DIMENSIONS IN. mm 


TENSILE SPECIMEN CONFIGURATION 
FIGURE 2-1 
2-3 j 
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+02 
(14) HOLES, LOCATED AS SHOWN ats 


+15 
19.05 DIA. "yy 


295.3 + 13 


+ oH 
(1) HOLE, 3.18 DIA. _ 590.6 + .13 


755.7 + 76 


69.85 + .02 
101,60 + .02 


ALL. DIMENSIONS IN MM 


FRACTURE TOUGHNESS/FATIGUE SPECIMEN CONFIGURATION 
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TOOLING JIG FOR SPECIMEN MACHINING ORI OOR quality 


(0.25 inch) thick specimens to be tested at high stress levels, doublers were 
resistance welded onto the specimen grip areas in order to prevent bearing and 


tensile failures in the regions surrounding the loading holes. 


The 2124-1851 specimens were machined by first sawing each 50.8 mm (2.00 inch) 
thick plate into blocks having the required specimen length and width dimensions. 
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These blocks were then sliced perpendicular to the short transverse direction of 
the plate using a band saw equinped with a carbide-tipped blade. As many as four 
specimens could be sliced from one 50.8 mm (2.00 inch) thick block; therefore, 

in order to maintain the surface of Bach specimen parallel to that of the original 
plate, the cut surface of each sliced block was milled parallel to the unsawed 
surface before another slice was made. A Hydrotel high-speed milling machine 
equipped with a flycutter (Figure 2-4) was used for this phase of machining; 

a special vacuum fixture was fabricated to hold and prevent flexing of the speci- 
men block during this milling operation. For the 2124-T851 specimens to be tested 
at high stress levels, the thickness of the grip area was increased as necessary to 


prevent failure through the loading holes. 


2.3 PRELIMINARY MATERIAL CHARACTERIZATION 

In order to establish the baseline mechanical properties of each alloy/thick- 
ness combination, a total of 72 tensile tests were performed according to the 
schedule given in Table 2-2. All tests were performed in accordance with 
ASTM E8-69, Standard Methods of Tension Testing Metallic Materials. These tests 
were conducted on a Satec universal testing machine having a capacity of 133,000 N 
(30 kips). Prior to testing, each specimen was fitted with an ASTM Class B-1 
extensometer. When necessary, a Conrad-Missimer environmental chamber was used 
to achieve the required temperatures. This chamber is a circulating air oven, with 
orovisions that also permit the introduction of coolant (e.g., liquid nitrogen) 
and the attachment of the specimen to the loading train of the testing machine. 
For these tests, temperature was controlled to an accuracy of +2.8°K (+5°F) by 
taping a thermocouple to the specimen gage length. Once the desired test tempera- 
ture was acheived, each specimen was held at this temperature under zero load for 


10 minutes to achieve thermal equilibrium. During testing, a strain rate of .005 
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SURFACE PREPARATION OF 2124-T851 SPECIMENS SECTIONED FROM 5.08 CM (2.00 INCH) THICK PLATE 





FIGURE 2-4 
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Table 2-2 
TENSILE TEST MATRIX 


- 2024-T861 2124-7851 


ae | 












TEST DIRECTIONS* byat 



















6,35 
0.250 


J THICKNESSES, mm 
in 





1,60, 3.18, 6.35 
0.063, 0.125, 0.250 













TEST TEMPERATURES, °K 
°F 






144, 298, 450 
-200, 70, 350 


144, 298, 450 
-200, 70, 350 











TOTAL NUMBER OF SPECIMENS 54 18 


*L: Longitudinal direction; load applied parallel to rolling direction of 
sheet or plate 


T: Transverse direction; load applied perpendicular to a rolling ¢irection 
of sheet or plate ‘ 


mn/mm per minute was used until the 0.2% yield stress was achieved, at which point 
the extensometer was removed and the strain rate increased to 0.050 mm/mm per 
minute. The results of this testing are given in Appendix A, and summarized in 
the curves of Figures 2-5 to 2-8. 

Examination of the test results in Appendix A indicates that the degree of 
scatter in the elastic modulus values are much larger for the low and elevated 
temperature tests than for the 1oom temperature tests. Because an accurate value 
of this parameter was essential for the analysis of the fracture toughness test 
results, an independent measure of this property was obtained by instrumenting 
two 2024-T861 specimens with strain gages. Longitudinal and transverse SR-4 gages 
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Strength, 
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FIGURE 2-5 


AVERAGE MECHANICAL PROPERTIES FOR 1.60 MM THICK 2024-1861 SHEET 
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Strength, 
MPa 
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% 
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FIGURE 2-6 


AVERAGE MECHANICAL PROPERTIES FOR 3.18 MM THICK 2024-1861 SHEET 
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FIGURE 2-7 


AVERAGE MECHANICAL PROPERTIES FOR 6.35 MM THICK 2024-1861 SHEET 
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FIGURE 2-8 


AVERAGE MECHANICAL PROPERTIES FOR 5.08 CM THICK 2124-1851 PLATE 
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Table 2-3 
AVERAGE MECHANICAL PROPERTIES OF AS-RECEIVED 2024-T861 ALUMINUM ALLOY SHEET 


MODULUS” ELONGATION, % 
103MPa__106psi 5.08cm GAGE LENGTH 





*yopuLus VALUES OBTAINED FROM STRAIN-GAGED SPECIMENS 


were mounted on both sides of the specimens and appropriately wired to eliminate 
bending effects. Each specimen was elastically Toaded and unloaded several times 
in order to produce sets of load/strain data at 144, 294 and 450°K (-200, 70, 350°F). 
A least squares regression analysis was performed on each data set to yield an 
average value of elastic modulus. These average modulus values and the average 
values for the other mechanical properties listed in Appendix A are summarized in 
Tables 2-3 and 2-4, 

Besides measuring the mechanical properties, the as-received materials were 
further characterized using spectrographic and metallographic techniques. A set 
of coupons representing each alloy/thickness combination was chemically analyzed 


using the spectrographic procedures set forth in ASTM~E-101-67, The resuits of 
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Table 2-4 


AVERAGE MECHANICAL PROPERTIES OF AS-RECEIVED 2124-7851 ALUMINUM ALLOY PLATE 


TEST SPECIMEN ELONGATION, % 
ee ee ORIENTATION i (5.08 cm GAGE LENGTH) 


this analysis are presented in Table 2-5, together with the chemistry requirements 
of the applicable specifications. Examination of this table indicates that the 
chemistry of the alloys used in this program were within specifications. 

A second set of coupons was examined metallographically; the results are 
shown in Figures 2-9 through 2-12. These photomicrographs all show the elongated 
grains that are typical of wrought products. The structures consist of an aged 
aluminum solid solution matrix with insoluble partictes of Al-Cu-Fe-Mn inter- 
metallic compounds, Comparison. of the three photomicrographs of the 2024-T861 
alloy (Figures 2-9, 2-10 atid 2-11) shows that sheet thickness has little effect 
on microstructure. However, the structure of the 2124-1851 plate (Figure 2-11) 
shows that the volume fraction, average size, and distribution of the particles of 


intermetallic compounds have significantly decreased. This decrease can be 
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Table 2-5 
ANALYSIS OF AS-RECEIVED MATERIAL 





















2026-T861 2124-T85? : 
Rc -h 3 
QQA-250/4 AS-RECEIVED THICKNESS QQ-A-250/29 50.8 mn {2.0 INCH} 
ELEMENT SPECIFICATION OU mm 7Ve mm 6.35 mm SPECIFICATION THICK 
(.063 INCH) {.125 INCH) {.250 INCH) 
+ . 4.70 4.43 

















1.36 1.21 


0.63 0.48 
0.24 0.12 
0.12 <0,03 


0.19 


attributed to the cleaner chemistry of the 2124 alloy, as indicated in Table 2-5. 
The slightly lower strength and higher ductility of the 2124 alloy is related to 
its cleaner chemistry, as well as the thermo-mechanical processing differences 


between the T7851 and the T8617 conditions. 


2.4 REFERENCES 


2-1. Alcoa Aluminum Handbook, Aluminum Company of America, 1967. 
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FIGURE 2-9 
MICROSTRUCTURE OF AS-RECEIVED 1.60 MM THICK 2024-1861 SHEET 
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ETCHANT: 7 grams (NH,) 5 S50. 1 ml HF, 99 ml H0 


FIGURE 2-10 


MICROSTRUCTURE OF AS-RECEIVED 3.18 MM THICK 2024-1861 SHEET 
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ETCHANT: 7 grams (NH,) 5 S509, 1 ml HF, 99 ml H,0 


FIGURE 2-11 


MICROSTRUCTURE OF AS-RECEIVED 6.35 MM THICK 2024-T861 SHEET 
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MAGNIFICATION: 100X 
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ETCHANT: 7 grams (NH,) 5 S509, 1 ml HF, 99 ml H.,0 


FIGURE 2-12 


MICROSTRUCTURE OF AS-RECEIVED 5.08 CM THICK 2124-1851 PLATE 
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Section 3 
FRACTURE TJGHNESS TESTING 


The specimen thicknesses selected for testing under this program were not 
thick enough to produce plane strain conditions over all expected stress ranges. 
As a result, stable flaw growth with significant plastic deformation at the crack 
tip was expected to occur prior to the onset of crack instability. Under plane 
Strain conditions, little or no stable flaw growth occurs prior to instability 
because of the severe constraint imposed by the tritensile stress state at the 
crack tip; ASTM E-399-74 (Reference 3-1) defines the critical stress intensity, 
Kite? as the load at which two per cent crack extension occurs. Under such 
constraint, the size of the crack-tip plastic region is small compared with the 
crack size and the specimen dimensions. Because conditions of plane stress were 
expected to occur for all tests, the stress intensity at crack instability could 
not be defined using the procedure specified in Reference 3-1. The most informative 
method available for presenting plane stress fracture data is the crack growth 
resistance curve. These R-curves, plotted as stress intensity vs. crack extension, 
yield quantitative information as to the amount of slow stable crack growth that 
precedes fracture for a given material. Moreover, they can be used to define the 
plane stress critical stress intensity, Ko» for any structural configuration for 
which the interrelationship of stress intensity, applied load, and flaw size is 


known. 


3.1 COMPLIANCE CALIBRATION 
In order to produce crack growth resistance curves, the crack length must be 


monitored throughout each test. The primary method used in this program to obtain 
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this information is similar to that described in Reference 3-1, in which a double 
beam displacement gage monitors the relative displacement of two positions spanning 
the crack. For the fracture toughness tests conducted under this program, the 
double beam displacement gage described in Reference 3-1 was inserted between two 
knife edges attached to the specimen as shown in Figure 3-1. These knife edges 
were fabricated with probes on one side that had semicircular tips that fit the 
3.18 mm (0.125 inch) diameter hole drilled at the center of the specimen. 

Prior to the initiation of fracture toughness testing, the relationship 
between crack opening displacement, applied load and crack length had to be 
established for the particular specimen geometry and displacement gage position 
adopted for the testing. This relationship was established by conducting a series 
of elastic calibration tests for various combinations of crack opening displacement, 
applied load and crack length: The effect of specimen thickness and temperature was 
also investigated. 

These calibration tests were performed in a manner similar to that described in 
Reference 3-2, in which measurements were made of the specimen compliance (i.e., the 
amount of displacement per unit of applied load) at successively longer crack 
lengths. For these calibration tests, narrow sawcuts were used to simulate fatigue 
cracks; crack lengths varied from 1.27 cm (0.500 inch) to 20.3 cm (8.0 inches). 

At each crack length, the specimen was incrementally loaded to some maximum static 
Toad which was calculated to produce a predetermined value of stress intensity, 
Kax’ At each load level, the crack-opening-displacement (COD) of the 3.18 mm 
{0.125 inch) diameter hole at the center of the sawcut was measured with the 
displacement gage. The specimen compliance, (COD)/P, at each crack length was 
calculated by performing a least squares analysis on the data pairs. 

Initial calibration tests were conducted using two 6.35 mm (0.250 inch) and 
one 1.60 mm (0.063 inch) thick 2024-T861 specimens and a maximum stress intensity 

3-2 
MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST 


L802 -“ANVAWOSD SILNVNOULSY SYUTIDNCa VWIANNOGIW 


e-€ 















3.18 mm 
Diameter Hole 


Center Cracked 
Tension Specimen 


Epoxy Cement 
Applied to This 
Surface 


Knife Edge 


Cap Screw 


Double Cantilever 
Beam Displacement 










Fatigue 
Cracks 





Wan 


instrument 


FIGURE 3-1 
INSTRUMENTATION TECHNIQUE FOR OBTAINING CRACK OPENING DISPLACEMENT (COD) MEASUREMENTS 


WSBL-0Z12 GNY 198L-#202 


YO4 VEVC SOINVHISW JUALIVYs 


LY¥Od3u TVNis 


£61 4890130 
eS1t3 OGW 


FINAL REPORT 


FRACTURE MECHANICS DATA FOR MDC E1153 
2024~-T861 AND 2124-T85l October 1974 


‘of 13.1 MPa “mm (12 ksi Vin.), a value approximately half the Ki¢ value (References 
3-3 to 3-6). In order to maintain this value as crack size increased, the maximum 
static load was decreased. The following equation was used to relate stress 


intensity, full section stress and crack length: 


K=o vaa Z (3-1) 
where o = full section stress 

a = half crack length 

Z = finite width correction factor 


sec (1a/w) 


The compliance/crack Tength data obtained from these three specimens were 
normalized to account for differences in thickness and specimen width. Inspection 
of this normalized data indicated an unacceptably high degree of scatter. Analysis 
‘of the experimental technique showed that the scatter could be attributed to the 
condition of the test specimens and the loads used in calibration. Inspection of 
several as-machined specimens of 2024-1861 sheet of various thicknesses showed the 
flatness to be within 0.2 per cent, measured over a 75.57 cm (29.75 inch) contact 
length. Although this curvature is well within AMS specifications for aluminum 
sheet (i.e., AMS 2202J), inconsistent compliance readings were obtained because the 
uniaxial tensile loads used during this initial phase of compliance testing were not 
great enough to fully eliminate the curvature. This sensitivity of specimen 
compliance to applied load is well portrayed in the load/deflection data of 
Figure 3-2. This data was obtained on a 6.34 mm (0.250 inch) thick 2024-1851 speci- 
men that contained a 20.3 cm (8.0 inch) long sawcut. For loads up to 44,500 N 
(10 kips), the specimen compliance (ACOD/AP) is 4.344 mm/MN (0.7586 x 10° in./1b.); 
for loads up to 80,100 N (18 kips), this value increases approximately four percent 


to 4.513 mm/MN (0.7 x 107° in./lb.). This higher load corresponds toa stress 
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FIGURE 3-2 


LOAD/CRACK OPENING DISPLACEMENT DATA FOR SPECIMEN 250-373 
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intensity of approximately 22.0 MPa vm (20 ksi vin.) s or approximately 80 percent 
of the average Kite value used previously. 

In order to produce more consistent compliance calibration curves, four 
additional specimens were calibrated using a maximum stress intensity of 
22.0 MPa vm (20 ksi vin.). The specimens used for these tests were a 2124-T851 
specimen with a thickness of 11.4 mm (0.450 inch) and three 2024-T861 specimens 
with thicknesses of 1.60, 3.18 and 6.35 mm (0.063, 0.125 and 0.250 inch). The 
6.35 mm (0.250 inch) thick 2024-T861 specimen was calibrated at 144, 294 and 450°K 
(-200, 70 and 350°F) by cooling or heating the specimen to the desired temperature 
for each crack length investigated. The low and elevated temperatures were obtained 
using the procedures described in Section 3.2.2. Because buckling effects were 
expected to influence the compliance readings, the two thinnest gage 2024-T861 
specimens were calibrated both with and without Teflon-coated stiffener plates 
clamped across the specimen width above and below the crack. For the 3.18 mm 
(0.125 inch) thick specimen, compliance data was obtained over the same range of 
crack lengths for both the stiffened and unstiffened conditions. However, for the 
1.60 mm (0.063 inch) thick specimen, compliance data in the unstiffened condition 
could only be obtained for crack lengths less than half of the specimen width. 
Crack lengths larger than this value caused such large out-of-plane deflections 
that the compliance gage could no longer be supported on the knife edges attached 
to the specimen. When stiffener plates were used, compliance data was obtained 
over the full range of crack lengths investigated. 

For the compliance tests performed at higher stress intensities, load/COD data 
was obtained for K values between 0 and 22 MPa Ym (0-20 ksi vin.); however, only 
data in the range 13.1-22 MPa vm (12-20 ksi Jin.) was used to compute compliance 
values; such procedures avoided undesirable bending effects introduced by specimen 
curvature at the lower loads. The elastic compliance data obtained from these 
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calibration tests, including the actual load/displacement data, is reported in 
Appendix B. 

The elastic compliance data shown in Appendix B was compared to a mathematical 
model of the center cracked tension specimen. Since crack-opening-displacement 
(COD) measurements were made at either end of a 3.18 mm (0.125 inch) diameter hole 
drilled at the center of the crack in each specimen, the experimentally measured 
compliance values could be compared directly with chose predicted by the equation 
presented below, as taken from Reference 3-7. The vertical deflection (VQ) along 


the positive y-axis in Figure 3-3 under an elastic load can be described by the 


equation: _ dag 
1 = — (3-2) 
where a = half crack length 


o = applied stress 
= P/(tw) 
P = applied load 
t = specimen thickness 
w = specimen width 
E = modulus 


Because of symmetry, the COD measured across a 3.18 mm (0,125 inch) diameter hole is 





(CoD) = 2 V, = 38 (3-3) 


Since compliance is defined as the amount of deflection per unit applied Toad, the 


elastic compliance of the specimen across the hoie is 


2V 
= oO. Aa (3-4) 


: P twE 





Equation (3-4) predicts the elastic compliance of a center cracked tensile specimen 
having a flaw length that is small compared to the specimen width. For larger flaws, 


finite width effects can be accounted for by employing a finite width correction factor; 
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the secant function described in Reference 3-8 has been shown to accurately account 
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for such effects. Incorporating this term, equation (3-4) can be rewritten as: 


3 4a 

: ae tl ae 

2 C tne (3-5) 
| where Z = finite width correction factor 


RE OES A mete = whiners 


sec (na/w) 





Equation (3-5) was used to predict the compliance data of Appendix B for each 


flaw size/temperature/thickness combination investigated. The results of this 
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FIGURE 3-4 


CALCULATED VS MEASURED COMPLIANCE VALUES FOR STIFFENED THIN GAGE SPECIMENS 
(Equation 3-5 used to obtain calculated values) 


analysis, shown in Figure 3-4, indicate excellent agreement between calculated 
and measured compliance values for all data where buckling effects were suppressed. 
A regression analysis was performed on the compliance data of Appendix B using 
equation (3-5); a correlation coefficient of 0.993 and a standard error of estinate 
of 0.072 was obtained. 
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FIGURE 3-5 


CALCULATED VS MEASURED COMPLIANCE VALUES FOR UNSTIFFENED THIN GAGE SPECIMENS 


Attempts were made to use equation (3-5) to predict the compliance of speci- 
mens when buckling was allowed to occur. The results, shown in Figure 3-5, 
indicate that, at the higher values, the elastic compliance calculated using 
equation (3-5) does not agree well with that measured from the slope of the 
appropriate load/COD data in Apsendix B. Such results are expected, since out-of- 
plane deflections essentially reduce the vertical in-plane displacement component 
at the edges of the crack. It is known (Reference 3-9) that such out-of-plane 


deflections increase with both crack size and applied load. As a result, larger 
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than actual flaw sizes would be predicted using equation (3-5). Since no mathe- 
matical model has yet been developed to accurately relate flaw size to crack 
opening displacement when buckling occurs, it was concluded that the displacement 
gage technique is not applicable to unstiffened toughness tests. 

Although equation (3-5) can be used to interpret the load/COD data obtained 
from the toughness tests where buckling does not occur, its use would introduce 
some error into the prediction of crack length, since it is valid only for elastic 
loading conditions. At high loads, significant plastic deformation is likely to 
occur ahead of the crack tip, thus making some contribution to the crack opening 
displacement measurement. If such contributions are ignored, a larger crack 
length than actually exists will be predicted by equation (3-5), and any fracture 
toughness parameter based on this flaw size will be unrealistically high. Since 
the data generated under this program is to be used for fracture control analyses, 
such predictions might result in inaccurate predictions of component life as well 
as optimistic standards for nondestructive inspection. As a result, another 
relationship was investigated that takes into account the size of the plastic 
zone ahead of the crack tip. This equation, developed by Forman (Reference 3~10), 
is based on the Dugdale model (Figure 3-3) for a crack in tension under plane 
stress with a yield zone at the crack tip. The vertical deflection along the 


positive y-axis for this case is predicted to be: 





, 2 
y. = 8 in |san B+ x3 
Oo E (28) ‘ [se B- 1 (29) 
is ae 
where 8 2 Fy 
Fry = yield strength 
This equation can be simplified to: 
a F ‘ 3 
- TY sin p+ 1 
y= ae = 
oO Ue M E B - | 7) 
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The compliance can then be expressed as: 


PGR ane in [sing +1]? (8) 
P nm EP sing - 1 


The use of equation (3-8) is strictly limited to materials which undergo no strain 
hardening. However, the use of this equation was considered appropriate because 
the strain hardering exhibited by the alloys evaluated was small; i.e., the ratio 
‘of yield to ultimate strength varied from .91 to .98. 

To determine the accuracy of equation (3-8), several fracture toughness speci- 
mens were loaded. unloaded and reloaded prior to failure in an attempt to separate 
plasticity effects from actual crack’extension. Initial attempts at applying 
equation (3-8) to these load/COD curves resulted in crack length predictions which 
Significantly underestimated the actual values at the point of unloading. A pro- 
cedure similar to that outlined in Reference 3-11 was used in which equation (3-5) 
is first used to compute the initial flaw size from the elastic portion of the 
load/COD curve. These values and the actual values obtained from measurements of 
the fracture surface are compared and any differences added or subtracted from 
Subsequent determinations of flaw size made using the load/COD curve and equa- 
tion (3-8). Frequently, this adjustment was of the same order of magnitude as the 
amount of actual flaw extension. 

Analysis of this procedure indicated that the conservative results obtained 
using this procedure were primarily caused by a difficulty in determining the 
actual origin of each Toad/COD curve. Due to such effects as crack closure forces, 
slack in the loading train, and specimen warpage, the first few thousand pounds 
of applied load usually produced a load/COD curve which was nonlinear, even though 
the applied load was fully elastic. This nonlinearity near the origin makes it 
extremely difficult to make accurate crack length predictions using equation (3-8). 


This equation is especiaily sensitive to the position of the origin of the load/COD 
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curve, since actual load/COD coordinates. are required for computation of flaw size. 


Such is not the case for equation (3-6), which requires only that the slope of the 


sro at ame tae ent aM no 


load/COD curve be established. 

To circumvent these problems, a procedure was developed that involved using 
equation (3-5) to plot an “ideal” load/COD curve for each specimen based on the 
initial flaw size measurement obtained from the fracture surface. This curve was 
plotted on transparent paper using the same scale factors as the experimental 
Toad/COD curve; it was then superimposed on the experimental curve and adjusted 
until a tangency condition was obtained. The intersection of the "ideal" curve 
with the COD axis at zero load was then defined as the true origin for the experi- 
mental curve. | 

Using this procedure, crack length predictions based on equation (3-8) were 
made for the specimens which had been loaded and reloaded. The results, shown 
in Table 3-1 and plotted in Figure 3-6, indicate that more accurate crack length 
predictions can be made when plasticity effects are taken into account (i.e., by 
equation (3-8)) than if such effects are ignored, as in equation (3-5), These 
results are significant since all specimens analyzed were stressed to loads of more 


than 80 per cent of the subsequent failure load prior to unloading. 


3.2 TEST PROCEDURE 
A total of 126 fracture toughness tests were conducted during this phase of 


the program. A detailed test matrix for each alloy is presented in Table 3-2. 


3.2.1 Specimen Preparation 


As shown in Table 3-2, three specimens were tested for each alloy/thickness/ 
temperature/orientation combination. A different initial flaw size was introduced 
into each one of these three specimens in order to cause the largest possible 
spread in full section failure stresses. In crder to more easily ascertain the 
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Table 3-1 


RESULTS OF CRACK EXTENSION PREDICTIONS 
CRACK EXTENSTON, Aa 


INITIAL FLAW j 7] 3 
THICKNESS SIZE, a ACTUAL] OUGDALE? ELASTIC3 ACTUAL DUGDALE ELASTIC 
mm in mm In om in ™ in mm in nm in mm in om in 


63-2L3 0.499 |} 15.16 14.35 565 
63-675 1.253 | 35.56 35.92 1.414 
125-6T1 0.530 | 13.74 12.95 0.510 


125-2t11 1.285 | 35.36 35,92 1.414 
125-319 3.380 | 41.53 42.93 1.690 
125-374 . 1.897 | 51.87 51.54 2.029 
1L2-256-3 1.106 | 15.88 15.54 0.612 
378-259-3 0.242 | 15.80 13.77 0.542 
§L1-453-1 . 1.739 | 48.54 46.81 1.843 





1. Determined from the slope of the unloading curve 
2. Determined using the Dugdale model (Equation 3-8) and coordinates at poince of unloading. 


3. - Determined using the elastic model (Equation 3-5)‘and coordinates at point of unloading. 


60.0 
© Elastic Model (Equation 3-5) 


A Dugdale Model (Equation 3-8) O 


50.0 
a 

4) 

oe 40.0 
si.” 
4a 

2 

o% 30.0 
32 

i) 

es 220.0 
Be 

A <d 


10.0 





10.0 20.0 30.0 40.0 50.0 60.0 


Actual Crack Length After Unloading (mm) 


FIGURE 3-6 
PREDICTED VS ACTUAL CRACK LENGTH FOR SPECIMENS LOADED AND RELOADED 
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Table 3-2 


TEST MATRIX FOR FRACTURE TOUGHNESS TESTING 


ALLOY 2024-T86] 2024-T861 
CONSTRAINT ! STIFFENED UNSTIFFENED 


TEST DIRECTION @ L i 
T T 


THICKNESS 1.60 mm (.063 INCH) 1.60 mm (.063 INCH) 
3.18 mm (.125 INCH) 3.18 mm (.125 INCH) 
6.35 mm (.250 INCH) 


TEMPERATURE/ ENVIRONMENT 144°K (-200°F)/No 144°K (-200°F)/iko 
298°K (70°F)/LAB AIR 298°K (70°F)/LAB AIR 
450°K (350°F)/LAB AIR - 450°K (250°F)/LAB AIR 


INITIAL FLAW SIZE 3 | SMALL SMALL 
MEDIUM MEDIUM 
LARGE LARGE 


2124-T851 
UNSTIFFENED 
L 
T 
6.35 mm (.250 INCH) 
12.70 mm (0.50 INCH) 


144°K (-200°F)/No 
298°K (70°F)/LAB AIR 
450°K (350°F)/LAB AIR 


SMALL 
MEDIUM 
LARGE 


1 Stiffened: Teflon-coated guide plates used to restrain buckling. 
Unstiffened: No guide plates used. 


L: Longitudinal 
T: Transverse 





3 Initial flaw sizes selected to caus* the largest possible spread in full section failure Toads. 
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effects of panel buckling, each stiffened and unstiffened test was conducted using 
companion specimens which contained identical initial flaw sizes. 

Prior to fracture toughness testing, a sharp central notch was cut in each 
specimen using a 0.25 mm (0.010 inch) thick saw blade. In order to allow room for 
fatigue precracking, this notch was cut to a length approximately 12.7 mm (0.5 inch) 
less than the desired final flaw size and was of equal length on both sides of the 
3.18 mm (0.125 inch) diameter starter hole. The flaw was then extended to the 
desired final length using axial fatigue at frequencies of 5 to 10 Hz and at Toads 
that corresponded to approximately 50 percent of the estimated failure load. ATI 
fatigue precracking was performed using a Model 810.04A MTS system having a capacity 


of 0.45 MN (100,000 pounds). 


3.2.2 Attainment of Environmental Conditions 

To obtain the 144°K (-200°F) test temperature, a special environmental chamber 
was clamped about the central 45.7 cm (18 inches) of the specimen gage length; 
attaching the chamber so far away from the central crack permitted the thinner gage 
specimens to buckle when no stiffener plates were used. This chamber was con- 
structed from two appropriately sized aluminum electrical chassis boxes that were 
lined with styrofoam insulation. Each chamber half contained a 20.3 cm (8 inch) 
diameter viewing port of thermopane glass. To cool the specimen to 144°K (-200°F), 
liquid nitrogen was introduced into the chamber; the amount introduced was 
controlled by a thermocouple taped to the specimen near the crack. This thermo- 
couple was connected to a temperature controller, which was also connected to a 
solenoid valve that regulated the LN, flow. Using this procedure, chamber 
temperature was maintained within +2.8°K (+5°F) of the desired 144°K (-200°F) 
temperature. 


This environmental chamber was also used in an attempt to obtain the 450°K 
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(350°F) environment ; a hot air heat exchanger connected to the chamber served as 
the heat source. However, the desired 450°K (350°F) temperature could not be 
obtained using this technique. An alternate method was developed that employed 
quartz heating lamps positioned on one side of the specimen. To prevent heat loss, 
the opposite side of the specimen was covered with insulating material; a narrow 
slit in this material allowed attachment of the compliance gage and viewing of the 
crack throughout the test. Thermocouples taped to both sides of the specimen 


indicated a temperature differential of no more than 2.8°K (5°F) using this technique. 


3.2.3 Fracture Toughness Testing 


Two types of universal testing machines were used for the fracture toughness 
tests conducted under this program. When failure was expected to occur at loads 
below 445 KN (100,000 Ibs), the MTS universal test system shown in Figure 3-7 was 
used. This closed-loop, servo-controlled test system was operated in the load- 
control mode and programmed for ramp loading; load output was monitored by a 
load cell positioned in the loading train. For specimens expected to fail at 
higher loads, a Baldwin universal testing machine with a capacity of 1.8 MN 
(400,000 1b) was used, as shown in Figure 3-8. In order to produce the required 
load signal during the test, this machine was modified by connecting the core of 
a linear position transducer (LVDT) to the diat indicator drive. The LVDT was 
then adjusted to produce a 10 volt output signal for a full-scale deflection of 
the testing machine's dial indicator. 

Specimen testing was accomplished using a set of match-drilled grips. These 
grips were bolted to the ends of the specimen and connected to the appropriate 
testing machine using 63.5 mm (2.5 inch) diameter loading pins. After each 
specimen was installed in the test machine, a double-beam displacement qaqe was 


mounted on the knife edges previously attached to the specimen; the displacement 
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FIGURE 3-7 
MTS UNIVERSAL TEST SYSTEM 
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FIGURE 3-8 


BALDWIN UNIVERSAL TESTING MACHINE USED FOR FRACTURE TOUGHNESS TESTING 


gage and the attachment techniques employed were identical to those used for 
specimen compliance calibration, as described in Section 3.1. For those tests 
which required buckling effects to be suppressed, Teflon coated stiffner plates 
were clamped across the specimen width, above and below the flaw. For those tests 
not conducted at room temperature, the necessary environmental control equipment 


was mounted on or near the specimen and the required temperature obtained. For 
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these tests, no load was applied for a period of 10 minutes in order to insure 
that thermal equilibrium was achieved. During testing, the load signal from the 
testing machine was connected to the Y-channel of an X-Y recorder; the displacement 
output from the displacement gage was connected to the X-channel. To comnensate 
for the variation in the thickness of the specimens, the loading rate was adjusted 
to provide a constantly increasing stress rate of 96.5 MPa/minute (14 ksi/minute). 
In most cases the load/COD curves obtained from these tests supplied ail the 
information necessary to completely characterize the flaw growth and fracture 
process for each specimen. However, such load/COD data has been shown to be 
inadequate (Section 3.1) for tests of thin gage specimens where buckling was 
permitted. As a result, each of these tests was recorded on 16 mm motion picture 
film. Several techniques were used in an attempt to obtain a single film that would 
show both load and crack length throughout the test. The technique finally adopted 
was similar to that described in Reference 3-12 in which two cameras were employed - 
one to photograph the specimen and the other to photograph the X-Y recorder. 
Synchronized stop watches, placed in the field of view of each camera, enabled a 
correlation to be made between crack length and applied load to obtain stress 
intensity values. Repeated practice trials indicated that the stop watches couid 


be synchronized to an accuracy of +0.1 second. 
3.3 TEST RESULTS 


3.3.1 The Crack Growth Resistance Concept 


Under plane stress conditions, no singular value of critical stress intensity, 
Ko can be defined for all structural configurations; the amount of stable crack 
growth that occurs prior to failure is dependent not only upon the response of the 


material to the presence of a sharp crack under load, but also upon the geometry 
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of the structure that contains the flaw. For any given configuration, the point 
of instability is unique and can be defined as that value of stress intensity where 
the applied stress intensity, Ki» balances the response of the material, Kpe 

to such crack growth. The K. value for other structural configurations, however, 
is not necessarily identical, primarily because the relationship between stress 
intensity, applied load, and crack length is dependent on structure geometry. 

For the center cracked tension specimen used in this program, the crack driving 
force for crack extension is described by equation (3-1); this equation defines a 
family of stress intensity/crack length curves for various values of applied load. If 
tne crack growth resistance characteristics of the material are known (Kp) » tne point 
of instability, Kes for this configuration occurs when the stress intensity factor 


at the crack tip, Ki begins to increase more rapidly than Kp3 j.e., when 


aK. aK 
i 7 R 
Ge) : (=) se 
Cc Cc 


This condition, illustrated schematically in Figure 3-9, represents the point of 


tangency between the Kp curve and the unique K. curve defined by 


Kp =o, wad (3-10) 


1 


3.3.2 Data Reduction 

In order to establish the Kp curve for ali test conditions investigated, the 
load/COD data obtained from each fracture toughness test was converted into stress 
intensity/flaw size data using equations (3-1) and (3-6), The data was then 
plotted as stress intensity versus crack extension to develop fracture resistance 
curves for each alloy/thickness/temperature/orientation combination. These curves, 
together with the tabulated data, are collected in Appendix C; the room temperature 


Kp curves for both alloys in the longitudinal test direction are shown in Figure 3-10. 
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Applied Stress Intensity Gurves 
for Increasing Applied Load, P P 
(Center Cracked Tension Specimen) 





Stress 


Intensity 


a ae, 


Flaw Size 


FIGURE 3~9 


SCHEMATIC REPRESENTATION OF Kp AND APPLIED STRESS INTENSITY CURVES 


For tests of several of the high temperature specimens, so much crack exten- 
sion occurred prior to failure that the net section stress exceeded 90 per cent 
of the 0.2 per cent offset yield strenjth. For these tests, stress intensity data 
is reported only for those flaw sizes where the net section stress is less than 
0.9 Foye Such net section yielding during high temperature testing is an indica- 
tion that the specimen width used was insufficient to promote conditions of crack 


instability. 
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Crack Extension, ta, inch 
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CRACK GROWTH RESISTANC2 CURVES FOR 2024-7461 AND 2124-T851 


3.3.3 Data Analysis 


The technique described in Section 3.3.1 was used to obtain critical stress 
intensity (K.) values from each fracture toughness test; this data is listed in 
Tables 3-3 and 3-4. These values represent those which satisfy the tangency con- 
dition described by equation (3-9) for each test condition. To obtain this data, 
the stress intensity/crack length test data was plotted as (K) versus (/a). Such 
a procedure was used because equation (3-1) becomes linear, thus allowing the 


tangency condition between it and the test data to be more easily established. 
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Table 3-3 


FRACTURE TOUGHNESS (K.) VALUES FOR 2024-1261" 





THICKNESS TEMPERATURE TEST i so 
ALLOY. mm in K F DIRECTION MPaVm ~ ksiWin 
Saran as ooes | 
2124-7851 6.35 .250 144 ~—--200 L 94.6 86.1 
86.0 78.3 
87 .3 79.4 
AVG: 89.3 81.3 
T 76.4 69.5 
58.3 53.0 
56.7 51.5 
AVG: 63.1 58.0 
294° = 70 L 100.0 91.0 
84.6 77.0 
77.4 70.4 
AVG: 87.2 79.5 
T 54.7 49.8 
52.9 48.2 
58.9 53.6 


AVG: 55.5 50.5 


450 





* From Appendix C. . ; 





WR vin BT mt aig eg Te tae py ete 


3-24 


MCDONNELL DOUGLAS ASTRONAUTICS COMPANY «= EAST 


FINAL REPORT 
MDC E1153 


FRACTURE MECHANICS DATA FOR 
October 1974 


2024-T861 AND 2124-T85i 
Table 3-4 


FRACTURE TOUGHNESS (K.) VALUES FOR 2124-T851 


THICKNESS TEMPERATURE TEST K 
om in x E DIRECTION _MPav/m © _ksiVin 


2024-1861 


68.3 
58.1 
55.5 
58.6 


a 
o 


Pps 
wo 
0 
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* From Appendix C. OF POOR, QUALITY 
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No finite width correction factor need be applied to such plots, since this factor 
has already been incorporated in the reduction of the fracture toughness test data. 
Such curves, aS well as the stress intensity, crack extension curves shown in 
Appendix C, represent the fracture characteristics of an infinitely wide center 


cracked tension specimen. 


3.4 DISCUSSTON 

Examination of the data in Appendix C shows that the test variables studied 
exert a strong influence on the plane stress fracture toughness of the materials 
investigated. The effects of each of the test variables are discussed below, in 


the order they appear in Table 3-2. 


3.4.1 Effect of Alloy Composition/Heat Treatment. 


The effect of this variable on fracture toughness is shown in Figure 3-11, 
which shows that, for equivalent section thicknesses, the Ke values for 2124-1851 
alloy are almost twice those of the 2024-T861 alloy. The higher toughness of the 
2124-1851 material can be attributed to the combined effect of its higher purity 
and its different thermo-mechanical processing relative to the T861 condition. 
Both effects must be active, since other data (Reference 3-13) indicates that the 
plane strain fracture toughness (Kr) of 2124-T851 plate are superior to those of 


comparable 2024-T851 plate. 


3.4.2 Effect of Panel Constraint. 

It has been observed (Reference 3-9) that the large out-of-plane deflections 
associated with the buckling of a thin center-cracked tension specimen under toad 
can significantly reduce its static tensile strength relative to the strength of 
similar specimens tested with such deflections suppressed by stiffener plates. In 


the present study, no such strength reductions were observed for the cryogenic and 
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Thickness, mm Thickness, mm 


FIGURE 3-11 


EFFECT OF THICKNESS ON THE PLANE STRESS FRACTURE TOUGHNESS OF 2024-T861 AND 2124-T851 


room temperature tests of unstiffened thin gage specimens (see Figure 3-12). The 
lack of sensitivity of this test data to the presence or absence of buckling 
restraints during testing can only be attributed to the. lack of significant out-of- 
plane deflections in the specimens prior to failure. 

The fact that buckling effects were absent in most of these tests can be con- 
firmed through an analysis of the interrelationship between crack instability and 
the stress required to cause buckling. The net section stress, Ons required to 
cause buckling has been shown (Reference 3-14) to agree quite well with that pre- 


dicted by the following equation, obtained from Reference 3-15: 


8 2 42 
JWAL aire nH 2 
om POOR av ele 


where Ve = effective total crack length. 
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FIGURE 3-12 


EFFECT OF STIFFENING ON THE FULL SECTION FAILURE STRESS OF 2024-T861 
(constant initial flaw size) 


The results obtained in Reference 3-14 indicate that Te has a value between 33 and 
90 percent of the actual total crack length, 2a. The net section stress can also 


be derived for conditions of crack instability from equation 3-1: 
= W Ke 
on * { athem |f Se. (3-12) 


Provided K. is known, equations (3-11) and 3-12) can be used to develop a plot 
of net section stress as a function of total crack length for a given specimen size, 
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FIGURE 3-13 


NET SECTION STRESS AS A FUNCTION OF TOTAL CRACK LENGTH FOR 
UNSTIFFENED 1.60 MM (.063 INCH) THICK 2024-186] SPECIMEN 


Such a plot is shown in Figure 3-13 for 2024-T861 having a nominal thickness of 
1.60 mm {.063 inch) and a K. value of 59.7 MPa vm (54.3 ksi Yin); the latter value 
was obtained by averaging the cryogenic and room temperature Ko data obtained 

from tests of the corresponding stiffened specimens. It should be noted that the 
intersection of the crack instability curve with the lower bound of the buckling 
stress region defines the minimum total flaw size at which buckling will occur 
prior to failure. For the conditions shown, this minimum total flaw size is 
approximately 4.8 cm (7.9 inch) or a value of 2a/w of approximately 0.10. Also 
shown in Figure 3-13 is the unstiffened test data for which critical crack length 


values are available. 
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From Figure 3-13 it can be seen that most of the flaw sizes associated with 
the unstiffened test data fall below the minimum buckling flaw size. Such results 
show that in most cases, buckling did not occur during the testing of these 
unstiffened specimens. For one test, however, the flaw size at failure was approxi- 
mately twice the minimum buckling flaw size (see Table C2-9, Appendix C). This 
specimen did buckle prior to failure, since its strength was reduced approximately 
10 percent relative to that of the corresponding stiffened specimen (see Table 
C1-13, Appendix €). Since equation (3-11) is a function of (thickness)*, the 
minimum buckling flaw size for the thicker 3.18 mm (.125 inch) unstiffened specimens 
js approximately four times larger than that for the thinner 1.60 mm (.063 inch) 
specimens. As a result, buckling effects were entirely absent during the testing 
of these thicker unstiffened specimens. It can be concluded, therefore, that 
because of the relatively low toughness of 2024-T861 when compared to lower strength 
alloys, buckling is likely to have little effect of the fracture behavior of this 


material at cryogenic and room temperatures for gages as thin as 1.60 mm (.063 inch). 


3.4.3 Effect of Test Direction. 
Figure 3-1] also shows that, for all thickness/alloy combinations, transverse 
Ke values are approximately 15-20 percent lower than the corresponding longitudinal 


value. 


3.4.4 Effect of Section Thickness, 

The effect of section thickness is shown in Figure 3-11, which contains the 
average K data shown in Table 3-3. For the 2024-1861 alloy, increasing section 
thickness from 1.60 to 6.35 mm (.063 to .250 inch) causes an approximate 30 percent 
decrease in fracture toughness at temperatures of 144°K and 294°K (200°F and 70°F). 
For 2124-1851, section thicknesses in the range of 6.35 to 11.45 mm (.250 to .450 
inch) cause a less severe reduction (approximately 13 percent) in toughness. 
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FIGURE 3-14 


EFFECT OF TEMPERATURE ON THE PLANE STRESS FRACTURE TOUGHNESS FOR 2024-T861 


3.4.5 Effect of Test Temperature. 


The effect of test temperature on K. is not immediately apparent from Figure 
3-11, due to the lack of data at 450°K (350°F); the determination of an accurate 
Ko value at this temperature was in most instances precluded by net section yielding. 
However, the fracture toughness of 6.35 mm (.250 inch) thick 2024-T861 at this 
temperature was low enough to permit an accurate measurement with the specimen 
geometry employed in this program. The variation of K. with temperature for this 
alloy/thickness combination is shown in Figure 3-14; from this figure it is apparent 
that the 450°K (350°F) K. value for this alloy is twice that at room temperature. 
Conversely, this figure, as well as Figure 3-11, indicate that the toughness at 


144°K (-200°F) is decreased approximately 20 percent relative to the room tempera- 


ture value. 
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3.4.6 Effect of Initial Flaw Size. 





Examination of the data listed in Tables 3-3 and 3-4 shows no systematic 
variation of critical stress intensity with initial flaw size for any test condition 
investigated. These results were obtained for crack length to specimen width ratios 


(2a/w) between .03 and .35. 
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Section 4 
CYCLIC FLAW GROWTH TESTING 


A total of 258 center cracked tension specimens were tested during this phase 


of the program. A detailed test matrix is presented in Table 4-1. 


4.1 TEST PROCEDURE 


4.1.1 Selection of Cyclic Stress Levels 


The maximum cyclic stress levels selected for use in this phase of the program 
are summarized in Table 4-2. Each specimen was tested at a unique stress level, 
and two to three stress levels were investigated for each alloy/thickness/orienta- 
tion/stress ratio/environment combination. One of these stress levels was held 
constant for each alloy tested in order to compare cyclic life for a constant 
initial flaw size. The other stress levels were selected as a certain percentage 


of the 0.2 percent offset yield Strength, 


4.1.2 Attainment of Environmental Conditions 

The equipment and procedures used to obtain the cryogenic and elevated 
temperatures for cyclic flaw growth testing were identical to those used for 
fracture toughness testing (Section 3.2.2). To obtain the room temperature envi- 
ronmental conditions, a plastic chamber was attached to the central 15.2 cm (6.0 
inches) of the specimen gage length. Because both stiffened and unstiffened thin 
gage specimens were to be tested, two types of environmental chambers were 
employed. For tests where buckling effects were to be suppressed, an integral 


stiffener/environmental chamber was constructed from two pieces of plexiglass and 
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Table 4—1 
TEST MATRIX FOR CYCLIC FLAW GROWTH TESTING 


ALLOY 
CONSTRAINT 
TEST DIRECTION 


THICKNESS 


TEMPERATURE/ ENVIRONMENT 


APPLIED STRESS 3 


CYCLIC FREQUENCY 


STRESS RATIO : 


2024-T861 
STIFFENED 
L 


T 
1.60 mm (.063 INCH) 
3.38 mm (.325 INCH) 


144°K (-200°F)/Np 
298°K (70°F )/ARGON 
298°K (70°F)/WET AIR 
422°K (300°F)/LAB AIR 
450°K (350°F)/LAB AIR 
478°K (400°F)/LAB AIR 


LOW 
MEDIUM 
HIGH 


200 


2024-7861 
UNSTIFFENED 
L 


T 
1.60 mn {.063 INCH) 
3.18 mm (.125 INCH) 
6.35 mm (.250 INCH) 


144°K (-200°F)/No 
298°K (70°F )}/ARGON 
298°K (70°F)/WET AIR 
422°K (300°F)/LAB AIR 
450°K (350°F)/LAB AIR 
478°K (400°F)/LAB AIR 


LOW 
MEDIUM 


HIGH 


20 


1 STIFFENED: TEFLON-COATED GUIDE PLATES USED TO RESTRAIN BUCKLING. 


UNSTIFFENED: NO GUIDE PLATES USED 


2 L: LONGITUDINAL 
T: TRANSVERSE 


3 SEE TABLE 4-2 FOR ACTUAL STRESS LEVELS USED. 


4 RATIO OF MINIMUM TO MAXIMUM APPLIED STRESS. 


4-2 


2124-7851 
UNSTIFFENED 
L 


T 
6.35 mm (.250 INCH) 
12.70 mm (.500 INCH) 


144°K (-200°F)/No 
298°K (70°F )/ARGON 
298°K (70°F)/WET AIR 
422°K (300°F)/LAB AIR 
450°K (350°F)/LAB AIR 
478°K (400°F)/LAB AIR 


LOW 
MEDIUM 
HIGH 


20 


-05 
80 
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Table 4-2 


STRESS LEVELS SELECTED FOR CYCLIC TESTING 


FULL SECTION 
STRESS, 9% 


TEST ; 
DIRECTION TEST TEMPERATURE 


oK oF 


2024-T861 144 -200 


294 


2124-T851 
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the stiffener plates used for suppressing buckling effects during fraciure toughness 
testing. Teflon was used to completely seal the plexiglass panes to the surfaces 

of the specimen. The required gas (argon or water-saturated air) was bled into the 
chamber on one side of the specimen and exhausted through a small hole in the plexi- 
glass on the opposite side. For tests of thin gage specimens where buckling was per- 
mitted, a flexible environment chamber was fabricated from two sheets of mylar 

sealed to the specimen surface using a relatively thick leyer of putty. Rubber 
hoses embedded in the putty on opposite sides of the specimen permitted argon gas 

or water saturated air to enter and leave the chamber. 

To attain the water-saturated air environment, filtered compressed air was 
bubbled through a bottle containing distilled water. Relative humidity readings of 
95 to 100 percent were obtained by passing this airstream through a bel! jar contain- 
ing a stationary wet and dry bulb hygrometer. Bottled argon, having a dew point of 
210°K (-82°F), was used to obtain an inert environment. Prior to test, the chamber 
was purged by bleeding the argon or water-saturated air through the chamber at a 


relatively high flow rate for five minutes. 


4.1.3 Cyclic Flaw Growth Testing 


One of three types of closed loop, electro-hydraulic universal testing 
machines was employed for testing the specimens under this program. For those 
specimens requjring low cyclic loads (less than 222 KN, or 50,000 lbs.), the MTS 
universal testing system, operated in the load control mode, was used. For those 
specimens requiring higher loads, hydraulic fatigue machines with capacities of 
667 kN (150,000 1bs.) and 1.33 MN (300,000 lbs.) wer# used. These machines were 
also operated in the load control mode; a loading accuracy of two percent was 
obtained using closed loop servo controls employing the principle of variable 
gain feedback. These controls employ linear variable feedback amplifiers 
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that were adjusted for a predetermined feedback voltage using a calibrated resistor 
shunted across the load cell bridge. All load signals were monitored with a strip 
chart recorder and an oscilloscope. 

Each specimen was installed in the appropriate testing machine after a starter 
notch was introduced using a 0.25 mm (0.010 inch) thich saw blade. The proper 
environmental equipment was then placed around or near the specimen. A photo of 
the test setup for a -ryogenic test is shown in Figure 4-1. Once the proper 
environmental conditions were obtained for each test, cycling was initiated using 
sinusoidal loading at constant amplitude. When a fatigue crack was observed 
emanating from each side of the sawcut, cycling was temporarily halted while a 
measurement of total crack length to the nearest 0.025 mm (0.001 inch) was made 
with a coordinate cathetometer. Such measurements, made approximately every 
1.27 mm (0.050 inch) of crack extension, were continued until each specimen failed. 

These intermittent crack length measurements were supplemented with 16 mm 
motion picture records of each specimen that allowed crack length measurements to 
be obtained up to specimen failure. Such movies were obtained using a pulsed 
movie camera that was triggered each time the specimen reached peak load. Because 
of the relatively slow shutter speed of the camera, the motion of the specimen was 
frozen by a strobe light; the position of the strobe and the lens aperture was 
controlled in such a way as to prevent ambient light from exposing the film while 
the shutter was open. A ruler or a transparent plastic grid was taped to the 


specimen to allow crack length measurements to be made from the film. 


4.2 TEST RESULTS 
Because no standard technique has yet been established to reduce and analyze 


raw cyclic specimen data, several techniques were considered. The following 
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FIGURE 4-1 


TEST SETUP FOR CRYOGENIC FATIGUE FLAW GROWTH TESTING 
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sections describe the techniques finally adopted; Appendix F contains a description 
and evaluation of the other methods considered. 

The cyclic test data obtained under this phase of the program is presented in 
Appendix D in both tabular and graphical formats. For tests of several of the high 
temperature specimens, the flaw size was found to be come so large prior to faiiure 
that the net section stress exceeded 90 percent of the 0.2 percent offset yield 
Strength. For these tests, growth rate/stress intensity data is reported only for 
those flaw sizes for which the net section stress is less than 0.9 Fey: No such 
data is reported for larger flaw sizes, since the stress intensity approach is based 


on elastic conditions prior to instability. 


4.2.1 Data Reduction 

Because of the great quantity of data generated during this phase of the pro- 
gram, computer techniques were employed to reduce and analyze the test data. The raw 
crack length/cycle measurements obtained during each test were recorded directly on 
computer coding forms; tab cards were keypunched from these records and given a pre- 
liminary analysis by a spectally developed computer program entitled ACCE (for 
"Analysis of Cyclic Crack Extension”). This program has the capability of examining 
the raw data and checking it for transcription errors and other inconsistencies. 
Once these errors are liminated, the derivative, da/dN, is approximated using a 
divided difference: 


-~ a 
n 


a 
da y ( n+] —y (4-1) 
n 


dN Nay 


The corresponding average stress intensity range, AK, is computed using the 


relation: 
AK = Ao YT avg cz (4-2) 
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Also included in this program is a Calcomp plotting routine that plots the result- 


ing (Aa/AN, AK) data on log-log coordinates. 


The data from each specimen was then 


analyzed visually to detect and eliminate, if possible, any abrupt discontinuities 


in flaw growth rate. 


Such discontinuities were found to be caused by a minor 


transcription error or by too small an interval (less than 0.76 mm,-or 0.030 inch) 


between any two successive crack length measurements. 


The latter type of discon- 


tinuity is likely to be related to the nonhomogeneous nature of the fatigue crack 


arowth process in real materials at the microscopic level. 


4.2.2 Data Analysis Techniques 


The cyclic test data shown in Apnendix D was analyzed to determine the nara- 


meters associated with either of the followina two empirical flaw growth rate 


models: 
Forman (Reference 4-1): a 
where C, n = 
R 


Ke 


da 


(Reference 4-2): aN 


Colliepriest 


where Cy» Cy 


Nt 


Cak" 


(1-R)K, ~ AK 


Forman rate equation constants 


ratio of minimum to maximum 
stress 


critical stress intensity 
-] 
C, EXP E tanh 6| 


rate equation constants 
In(ake/(1-R) Keay) 


Tn((1-RYK-7aK,) 


(4-3) 


(4-4) 


AKg = threshold stress intensity ranae 


A third model, originally proposed by Paris (Reference 4-3) was not used, 
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primarily because of its inability to account for the high qrowth rates that occur 
prior to instability. This model has the form: 


da _ n a 
qn CAK ; (4-5) 


where C, n = Paris rate equation constants 
Although the Paris model was not directly incorporated into the data analysis 
procedure, the Paris rate equation constants were indirectly evaluated by usina 
an alternate form of equation (4-4). As first proposed (Reference 4-4), this 


equation had the more lengthy form: 


da/dN = C (KA co ee EXP In(K,/aK,)°/? (4-6) 


In [ax / JQ-RK, ax] 





arctanh 
in (1 - R)K/AK, 


The constants C and Co in equation (4-4) are related to the Paris equation 


Ke n/2 
Co = In aK (4-7) 


© (Ke aK) 1/2 | (4-8) 


constants by: 


Cy 


Evaluation of the rate constants for equations (4-3) and (4-4) would 
ordinarily involve complex non-linear regression techniques. These equations can be 
transformed into linear form using. logarithms; however, such transformations can 
introduce error, the sources of which are described in Appendix F. In its 


linear form, equation (4-3) can be rewritten as! 


: E ha Katt] = In C +n In ak (4-9) 
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The linear equivalent of equation (4-4) jis: 


Inda = In Cj +p. tanh"' (4-10) 


N 

Evaluation of the rate constants in equations (4-9) and (4-10) can easily be 
performed using an ordinary least squares analysis, provided values of Ko and aK 
are supplied. The former value is usually obtained from a fracture toughness 
test, while the latter is an estimated value. However, in order to obtain an 
independent measure of these values, a special computer program was developed to 
optimize not only the rate constants but also the K. value and, for equation (4-8), 
the value of AK, for each data set. This program, entitled RACD (for "Regression 
Analysis of Cyclic Data"), is designed to optimize the rate constants using 
least square techniques; iterative convergence routines are then used to determine 
the value of K. and/or AKy that produces the best fit of each equation to the 
experimental data. The convergence. routines employed are an extension to multiple 
dimensions of a one-dimensional root finder; this root finder is based upon a 
combination of the secant method (Reference 4-5)and Aitken's delta squared 
procedure (Reference 4-6). The procedure involves evaluating the rate constants 
for each model using least squares techniques and an assumed value for Ke and, 
when necessary, AK: Once obtained, the total amount of error between this 


computed curve and each data point (i.e., the sum of the residuals) is computed 


De, - J 


"measured" value of flaw growth rate 
(i.e., using equation 4-1) 


using the relation, 


< 
u 


da 
where (i 


ee” 
3 
He 


(i) = calculated value of fiaw growth rate 
Cc 
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Table 4-3 


EQUATIONS USED FOR CONVERGENCE ANALYSIS OF CYCLIC TEST DATA 


FLAW GROWTH 
if HOD 
Forman (Equation 4-9) 
(4 ie 


ln SEU OK 


aa 


: Co in( 
rea 1n(- ols yr a 





In (tak), /(1-R) K, ak,) 


where @ = Ta(C-Ry KR) TRY Kak 


Equation (4-11) can be rewritten using the appropriate rate model expression for 


(da/dN) 03 best fit values for K, were obtained by finding that value which 


satisfied the following condition: is 
ORIGINAL PAGE 


TY 
ar_a OF POOR QUAMTY (4.12) 
c 


Similarly, the best fit values for AK, were obtained by finding the value such 
that: 


or | 
Bak, 0 (4-13) 


The exact form of Equation (4-12) and (4-13) used are summarized in Table 4-3. 
While using this program, it was found that convergence was not always 
obtained for each data set. In some cases, failure to converge on a K. value was 
caused by insufficient data at the high AK levels; conversely, failure to con- 
verge on a AK value was caused by insufficient data at the low AK levels. In 
other cases, failure to converge was caused by a high degree of scatter in the 

data. The results of this analysis are collected in Appendix E. 
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4.3 DISCUSSION 


4.3.1 Effect of Cyclic Test Variables 

Examination of the data in Appendix D shows that several common trends can be 
established, and that the effect of the eight test variables can be classified as 
to their general effect on the shape of the flaw growth rate curve. For example, 
such variables as specimen thickness, test direction, stress ratio, and buckling 
constraint all exert a similar influence on the flaw growth rate curve in that they 
primarily affect flaw growth rate at the high aK levels preceding instability. These 
particular test variables appear to affect fatigue flaw growth by altering the 


fracture toughness of the material (e.g., test direction) or by changing tne 


stress pattern imposed on the specimen (e.g., thickness, stress ratio, and buckling). 
On the other hand, variables such as test temperature and alloy/heat treatment 
affect the flaw growth rate over the entire AK range. These test viriables appear 
to affect the very nature of the cyclic flaw growth process. The effect of each 
test variable is discussed in greater detail below. 

Effect of Alloy Composition/Heat Treatment. The effect of this test variable 
on flaw growth rate is shown in Figure 4-2. It can be observed that for constant 
values of AK, crack propagation occurs at a faster rate in the 2024-1861 alloy than 
in the 2124-T851 alloy. This effect is quite likely related to the higher toughness 
of the 2124-T851 alloy, caused by the combined effect higher purity and different 
thermo-mechanical processing. 

Effect of Panel Const-aint. At the 144°K (-200°F) or the 294°K (70°F) test 
temperatures, no significant difference between the :tiffened and unstiffened flaw 
growth rate curves is apparent for any test direction/thickness combination. 

These observations agree well with those of Section 3.4, which found that flaw 
Tengths were generally too smal] to cause significant buckling at these temperatures. 
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AVERAGE STRESS Rice RANGE Ax, MPA tar (M) 


FIGURE 4-2 


EFFECT OF ALLOY COMPOSITION/HEAT TREATMENT ON ROOM TEMPERATURE FLAW GROWTH RATE 
(curves are hand-faired from Appendix D, Figures D3-2a and D3-3a) 


However, at elevated temperatures, a distinct layering effect can be observed for 


both the 1.60 mm (.063 inch) and the 3.18 mm (.125 inch) thicknesses, as shown 


in Figure 4-3. No conclusion could be reached in Section 3.4 as to the effect of 


panel buckling on fracture toughness at elevated temperatures, due to the lack of 


data caused by net section yielding. 


However, in view of the results of the elevated 


temperature cyclic tests, it is likely that buckling would also decrease toughness if 


a wide enough specimen were employed. 
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FIGURE 4-3 


EFFECT OF STIFFENING ON THE 450°K (350°F) FLAW GROWTH RATE OF 2024-7861 
(curves are hand-faired from Appendix D, Figures D1-7a, D1-9a, D2-7a, and D2-9a) 


Effect of Test Direction. The effect of test direction relative to the rolling 
direction of the sheet or plate is shown in Figure 4-4. It can be observed that 
crack propagation is slightly faster for the transverse test direction than for the 
longitudinal direction. Similar layering effects are observed in the data obtained 
at other temperatures and for other thicknesses. 


Effect of Specimen Thickness. As shown in Figure 4-5 for the 2024-T861 .alloy 





tested at room temperature in argon at a stress ratio of 0.05, increasing section 


>H9 


kro? 
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FIGURE 4-4 


EFFECT OF TEST DIRECTION ON THE ROOM TEMPERATURE FLAW GROWTH RATE OF 2024-T861 
(curves are hand-faired from Appendix D, Figure D2~4) 


thickness tends to increase crack growth rate for equivalent stress intensity can- 
ditions. The layering observed in this figure is also evident for data at the higher 
stress ratio (R=0.5) and at lower temperatures (144°K or 200°F). The effect appears 
to be lost at elevated temperatures, primarily because net section yielding precluded 
the attainment of the high aK levels necessary to observe the effect. 


Effect of Test Temperature/Environment. Test temperature was found to exert a 


strong influence on the flaw growth rate of 2124-1851, as shown in Figure 4-6; 
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FIGURE 4-5 


EFFECT OF THICKNESS ON THE ROOM TEMPERATURE FLAW GROWTH RATE OF 2024-1861 
(curves are hand-faired from Appendix D, Figures DI-4a, D2-4a, and D3-2a) 


similar effects were observed for the other alloy/thickness combinations investigated. 


Cryogenic temperatures were found to primarily affect the flaw growth rate in the 


high AK range preceding instability 


; in this region, the growth rate is accelerated 


relative to that at room temperature due to a decrease in the toughness of the 


material. Similarly, 


elevated temperatures promote an increase in material toughness 


and cause the flaw growth in the high aK range to decrease relative to that at room 


temperature. 


However, this trend is not observed as the temperature is increased 
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FIGURE 4~6 


EFFECT OF TEST TEMPERATURE ON THE FLAW GROWTH RATE OF 2124-7851 
(curves are hand-faired from Appendix D, Figures D6-2a, D6-4a, and D6-6a) 


From 422°K (300°F) to 478°K (400°F), as an examination of the flaw growth rate 
curves in Appendix D will prove. Although there is a tendency for this high tempera- 
ture data to have wider scatter bands than the lower temperature data, no consistent 
trend can be established. 

At the opposite end of the flaw growth rate curve (i.e., the low AK range), 
elevated temperatures have an opposite effect on the threshold value, AK; that is, 


higher test temperatures appear to decrease AK, relative to the room temperature 
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FIGURE 4-7 


EFFECT OF RELATIVE HUMIDITY ON THE ROOM TEMPERATURE FLAW GROWTH RATE OF 2024-T861 
(curves are hand-faired from Appendix D, Figure D3-2a) 


value. The curves shown in Figure 4-6 appear to indicate that cryogenic temperatures 
have little affect on the threshold value; however, no firm conclusion can be drawn 
in this regard because of the lack of cryogenic data in this region of the curve. 

The value of AK, was also found to be affected by the relative humidity at room 
temperature. As shown in Figure 4-7 the wet air environment (RH *¥ 100%) causes the 
value of AK, to decrease relative to the dry argon environment (RH = 0.03%). 

Effect of Applied Stress Level. Examination of the flaw growth rate curves in 
Appendix D shows that flaw growth rate is unaffected by differences in the magnitude 
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FIGURE 4-8 


EFFECT OF STRESS RATIO ON THE ROOM TEMPERATURE FLAW GROWTH RATE OF 2024-1861 
(curves are hand-faired from Appendix D, Figure D2-4a and D2-5a) 


EIS 
oF POOR QUALITY 


of the maximum applied cyclic stress. Such results indicate that the stress 
intensity parameter adequately accounts for differences in stress level. 

Effect of Cyclic Frequency. Cyclic test frequency was observed to have no 
effect on fatigue flaw growth rate. For corresponding tests, the 20 and 200 cpm 
cyclic data was found to be indistiiguishable for all test conditions evaluated. 

Effect of Stress Ratio. The effect of stress ratio (minimum to maximum cyclic 
stress) on flaw growth rate is shown in Figure 4-8. Because both the Forman and 
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Table 4-4 


PARAMETERS USED TO OBTAIN CURVES IN FIGURE 4-8 


MODEL /PARAMETER Si UNITS ENGLISH UNITS 


Forman (Equation 4-2) 
eee 60,1 MPo vm 54.7 ksi Yin 
o ¢ ft .6174 E-10* 1734 E~8 
oon 4.582 4,82 


Colliepriest (Equation 4-4) 


ae Cas 5.7 MPa vm 5.2 ksi Vin 
ae 60.1 MPa vin 54.7 ksi Vin 
° cy -1264 E+5 m/cycle -4974 E-8 inch/cycle 
° Co 4,394 4.394 
C(P) eae .2360 E-10 .1321 E-8 
n(P) a: 731 Sean 





* £102 107°, gg = 108, ote. 
**% ST Units: Meee ; English Units: enievele se 
(MPa “n) (ksi /in) 
*k* ST Units: micycle n? English Units: day cyets —. 
(ksi Yin) (ksi Vin) 


+ From Appendix C, Table C3-1 
++ From Appendix E, Table E2-2 


Colliepriest rate models (equations 4-3 and 4-4, respectively) attempt to account for 
the effect of stress ratio, an attempt was made to predict the behavior at one 

stress ratio from an analysis of the data at the other stress ratio. The linear- 
ized form of each model (i.e., equations 4-9 and 4-10) was fit to the 0.05 stress 
ratio data shown in Figure 4-8(a) in a least squares manner. The K, and AK, vai ues 
used in this analysis were obtained from fracture toughness testing and from 
regression/convergence analysis, respectively. The rate parameters obtained from 
this analysis are listed in Table 4-4; they were used to generate the curves shown 

in Figure 4~8(u). As can be seen, slightly better agreement is obtained between 
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FIGURE 4-9 


COMPARISON OF 2024-1861 DATA WITH REFERENCE 4-7 DATA 
(Data from Appendix D, Figure D5-2a) 


the test data and the curve predicted by the Colliepriest model. 


4.3.2 Comparison of Cyclic Data Bases 

The cyclic test data generated under this program was compared with that 
obtained by other investigators for these alloys. The growth rate curves obtained 
from room temperature tests of 2024-T861 and 2124-T851 compact tension specimens 
having respective thicknesses 6.38 mm (.250 inch) and 12.7 mm (.500 inch) are shown 


in Figures 4-9 and 4-10. These curves were generated using the flaw growth rate 
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COMPARISON OF 2124-1851 DATA WITH REFERENCE 4-7 DATA 
(Data from Appendix D, Figure D7-2a) 


parameters specified in Reference 4-7 and a stress ratio of 0.05. Also shown in 
these figures is the room temperature cyclic data obtained under this program. The 


agreement between the two data bases appears to be excellent. 


4.3.3 Comparison of Rate Models with Test Data 
As discussed in Section 4.2.2, regression/convergence techniques were used to 


fit the Forman and Colliepriest fatigue flaw growth rat2 models (Equations 4-3 and 
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4-4) to the cyclic test data generated under this program; the results of these 


a rt ene am 


analyses are collected in Appendix E. These techniques permitted the value of K, 

to be optimized for each data set examined; as shown in Tables 4-5 and 4-6, a 
consistent discrepancy exists between these optimized K, values obtained by curve 
fitting and those derived from static tensile testing. As shown in Figure 4-11, 
these "curve fit" Ke values are consistently higher than the corresponding "static" 
values. These results also indicate that, for any given test condition, the 
optimized Kc value obtained using the Colliepriest rate model is in most cases always 
higher than that obtained using the Forman rate model. 

The differences between the two optimized K. values are most likely related 
to the nature of the mathematical model used to fit the data. However, the differ- 
ences between these and the static values are related to the nature of the curve 
fitting process and not to any difference in the response of the material to the 
manner in which load is applied. That the K, value is unique is confirmed by the 
maximum stress intensity values shown in Tables 4-5 and 4-6. This data, also plotted 
in Figure 4-11, was obtained from those tests for which crack length was measured 
on the cycle before failure and represents the stress intensity at maximum load. 
These values confirm that the critical stress intensity parameter, Kc, is essentially 
independent of loading profile. 

The discrepancy between the static and the curve fit Ke values must be related 
to the nature of the curve fitting process because an unusually large variation in 
standard deviation (.012 to .469) is associated with the optimized values. Such a 
wide variation in standard deviation could be related to the fairly large scatter 
bands associated with some data sets or the tact that the rate models fit some 
data sets better than others. More significantly, however, is the fact that the 
amount of data at the high aK levels (i.e., immediately preceding instability) is 
limited and varies from or: dava set to another. The accuracy with which the curve 

4~23 


MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « £ast 


FINAL REPORT 


FRACTURE MECHANICS DATA FOR MDC E1153 
2024~T861 AND 2124-1851 October 1974 
200 


Cyclic K,, MPaVm 


180 


Ke (cyclic) = Ke (static) 


160 
4 


140 


100 


80 


60 


40 Cyclic K, values obtained from: 
© curve fitting the Forman model 
{Equation 4-3) 


20 Curve fitting the Colliepriesc 
model (Equation 4-4) 


Kmax on last fatigue cycle tefore 
fatiure 





0 20 40 60 80 100 120 £40 


Static K,, MPaVm 


FIGURE 4-11 


STATIC VS CYCLIC Ke VALUES FOR 2024-T861 AND 2124-7851 
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Table 4-5 


STATIC AND CYCLIC FRACTURE TOUGHNESS (K,) FOR 2024-1861 





AVERAGE Avenee 





063] STIFFENED 61.2 
42.9 
72.8 (A) 
45,4 (A) 
107.7 


74,0 


41.3 {A} 
98.0 
68.0 








+062 | UNSTIFFENED 
5.1 50.1 
36.7 {h} 63.8 (A) 
67.5 {a} 61.4 tH) 
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56.1 {) 45.6 {W) 
90.1 72.8 
nS 65.0 
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74.7 (Aj 
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V2S.F 
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V7.6 
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Tt - ~ - ood fe 
294 t 73.0 66.5 -- - FC (Ad 
66.0 (W) 60.0 (H) 
t 47.8 aa -- -- $2.1 (A) 37.4 (A) 
37.4 {a} 34.1 (ky 
450 L , 7 -- o ” 133.0 21,0 
T 34.6 HB.8 - -- 99.7 99.8 
280] UNSTIFFENTD tea L 36.5 33,2 52.2 47.5 
T 30.4 27,7 34.3 32.1 
253 L $3.7 39.8 fe {4} 
28.5 (W) 28.9 (W) 
T 23.7 30,7 Ke {8,20} 
26.1 {A} 25.6 (AS 
25.3 (W.20} 24.0 {H,20} 
FE (a) 
450 ry 91.8 85.3 Fe 
T 70.6 $4.0 132.8 (20) 120,68 (20) 
FC {200} 


Al} dymanic K_ values are for 200 CPH tests unless noted by (20}, indicating 20 CPM tests. Other 
abbrevtacions are: 
R* Argon Envfroncent 
woe Wet Air favironrent 
MSY + Net Sectran Tielding 
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AS detersined from curve fitting rat. models to dats representing both 0.05 and 0,40 stress ratios, 
using regresston/convergence techs iques {Anpend ly E}. “Formac” " values represent those obtained 
using the Formun rete rode} (Equatten 48), “Collicoriest” Ky values represent those obtatned using 
the Colttenriest cate codet (Equation 4-4), 
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Table 4-6 


STATIC AND CYCLIC FRACTURE TOUGHNESS (K,) FOR 2124-1851 


re ; a AVERAGE 
NICRNESS ait } rowers | Ke AUSTATIC)* ay @ NeT#* 
virection | MpaVin._ ksiVin, wet a _ksiVin 


6.%5 , 94.9 102.2 93.0 
§2.2 62.9 57.2 
93.7 (A} 85.2 {A) 155.2 (A) 144.2 (A} 
85.2 (H) 77.5 (a) 96.1 (kK) 87.4 (HW) 
57.5 (A,20) 52.3 (A,20} FC (A,20} 
66.8 (A,200) 60.8 (A,200) 77.7 {A,200) 70.7 {A.200} 
61.0 {W.20) 55.5 (W.20) FC (AH) 
67.0 (W,200) 60.9 {W,200} FC (W200) 
125.6 : 114.3 100.6 9.15 


99.3 (20} 90.3 (20) 203.6 £20} 183.5 {20) 
141.7 129.0 114.9 104.5 


76.9 74.8 . 97.8 

51.3 46.7 Fe 

12.2 (A} 192.1 (A) 145.9 (A) 332.8 (A} 
FC {WH} 102.2 {W) 93.0 {W) 

72.8 {A) 66.3 {A} V29.5 (W#) V7.9 fi} 

102.7 93.5 309.2 99.4 

98.5 a9.3 FC 





+ ATL dynamic ke values are for 200 CPM tests unless noted by (20}, indicating 2) CPM tests, Other 
sobreviations are: 


A = Argan Environment 

W = Wet Air Environment 
uS¥ © Het Section Yielding 
FC = Falture to Converge 


* Static: As determined frum fracture toughness testing (Appandix C). 
** Kaax S Nels Average Ky values on tast fatigue cycle before fatlure {from Appendtx 2). 


«28 Curve Fit: As determined from curve fitting rate models ta data representing both 0.05 and 0.5u stress ratios, 
using reqresston/canveryence techniques (Appendix E); “Forman” a values represent those obtained 
using the Farman rate modet (Equation 4-8); "Coltiepriest" Ke values represent thase obtained using 
the Collienriest rate made} (Equation 4- -4), 


fitting process selects a value for Kc, then, can only be as good as the amount of 
cyclic. data in the immediate vicinity of instability. 

The results of the regression/convergence analyses also indicate that, even 
when the difference between the static and optimized Kc values are small, no one 
rate model is superior in its agreement with the experimental data above flaw growth 
rates of 1077 mn/cycle (3.9 x 10°76 inch/cycle). For crack growth rates less than 


this value, the behavior predicted by the two models differs significantly; 
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unfortunately, the test data generated in this range was Timited. However, visual 
examination of the results of the curve fitting process showed that a slightly 
better fit was obtained for the sigmodal curves associated with the Colliepriest 


model. 
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5.0 CONCLUSIONS 


5.1 FRACTURE TOUGHNESS PROPERTIES 

The following conclusions can be apaan from the fracture toughness data 

generated during this study: 

1) for equivalent section thicknesses, the Ke values for the 2124-T851 alloy 
are almost twice those of the 2024-T861 alloy; 

2) for section thicknesses as thin as 1.60 mm (.063 inch), buckling has 
little effect on the fracture behavior of 2024-186} ; 

3) for all test conditions, the fracture toughness (K,) in the transverse 
test direction is approximately 15-20 percent lower than the correspond- 
ing longitudinal value; 

4) for both alloys, fracture toughness decreases with increasing section 
thickness, particularly in the thinner gages of the 2024-T861 alloy; 

5) for both alloys, increasing temperature causes an increase in fracture 
toughness; for the 2024-1861 alloy with a thickness of 6.35 mm (.250 inch), 
toughness increases 250 percent over the temperature range 144°K to 450°K 
(~200°F to 350°F); 

6) no systematic variation of fracture toughness with initial flaw size was 


observed for any test condition investigated. 


5.2 FATIGUE CRACK GROWTH PROPERTIES 
The conclusions drawn from the fatigue crack growth data are: 
1) for equivalent section thicknesses and stress intensity conditions, the 
crack growth rate for the 2024-1861 alloy is faster than that for the 
2124-T851 alloy; 
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2) for section thicknesses in the range 1.60 - 3.18 mm (.063 - .125 inch), 


3) 


4) 


8) 


buckling accelerates the crack growth process only at elevated tempera- 
ture (450°K or 350°F); 

for equivalent stress intensity conditions, the crack arowth rate is 
higher for the transverse test direction than for the longitudinal test 
direction; 

for equivalent stress intensity conditions, the crack growth rate of both 
allovs increases with increasing section thickness; 

for equivalent test conditions, increasing test temperature causes an 
increase in flaw growth rate at low aK levels and a decrease in flaw 
growth rate at high AK levels. 

for the test conditions investigated, differences in applied stress level 
and cyclic frequency have no effect on flaw growth rate; 

for equivalent test conditions, crack growth rate increases with decreas- 
ing stress ratio, and the effect is adequately predicted by the Forman 
and Colliepriest empirical rate models; 

differences in K. between that derived from toughness testing and that 
obtained from cyclic testing using least squares/convergence techniques 
are due primarily to the lack of sufficient. cyclic data near the point of 
instability and not to any fundamental difference in the response of the 
material to the way in which load is applied; 

based on limited flaw growth rate data below 1074 ma/cycle, it appears 
that slightly better fit between predicted behavior and actual data was 


obtained for the Colliepriest rate model. 
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6.0. RECOMMENDATIONS 
As a result of the work conducted under this program, one area has been 
observed that requires further investigation. It has been realized that a critical 
need exists for a statistically significant technique for the peduetion and analysis 
of fatigue flaw growth data. Such a study should include at least the following: 

Oo an examination of the possibility of using spline functions with a least 
squares procedure to establish the relation between crack length and number 
of applied fatigue cycles; 

0 developing a practical method for solving the integrated form of the various 
rate models in order that the fatigue flaw growth parameters may be evaluated 
directly from the measured crack Tength/cycle data; 

o determining if a statistically significant difference exists in the cyclic 
life predicted by the various rate models; 

o determining the best numerical algorithm for computing the constants 


associated with each flaw growth rate model. 
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Appendix A 
TENSILE TEST DATA 


The following data tables incorporate the mechanical property values obtained 
from tensile tests of 2024-T861 sheet and 2124-1851 plate specimens, Table A-1 
summarizes the design mechanical properties for these alloys, based on the data 
presented in Reference 4-7. Tables A-2 through A-4 include the data obtained 
from 2024-T861 sheet specimens, while Tables A-5 through A-7 include the data 
obtained from the 2124-1851 plate specimens, The elastic modulus values reported 
represent those obtained from the slope of the stress-strain curve, generated 


using a Class B-1 extensometer. 
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TABLE A-1 
ROOM TEMPERATURE DESIGN MECHANICAL PROPERTIES FOR BARE 2024-7861 AND 2124-T851 ALUMINUM* 


ar ae ake 
2024-T861 2124-T851 
L_ORIENTATION T_ORIENTATION L_ ORIENTATION T ORIENTATION 


ksi 


103MPa 
105psi 


ELONGATION, PER CENT 





“FROM: MATERIALS PROPERTIES MANUAL, VOLUME I, DESIGN DATA; SPACE DIVISION, ROCKWELL INTERNATIONAL; 
JUNE, 1974. 


** VALUES FOR SHEET 1.60 - 6.32 mm (.063-.249 inch) THICK. 
KU ALUES FOR PLATE 50.8 - 76.2 mm (2.001-3.000 inch) THICK. 
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SHEET 
THICKNESS 
mm in 
1.60 .063 
1.60 -063 
1.60 063 
1.60 .063 
1.60 .063 
1.60 063 
3.18 .125 
3.18: ~.125 
3.18 125 
3.18 »125 
3.18 2125 
3.18 .125 
6.35 .250 
6.35 250 
6.35 .250 
6.35 .250 
6.35 . 250 
6.35 .250 


* Extensometer slipped off specimen. 


TABLE A-2. MECHANICAL PROPERTIES OF AS-RECEIVED 2024-T861 ALUMINUM ALLOY SHEET AT 144°K (~200°F) 


SHEET 


NO. 


Wu he Ne ube Re aus 


tN 


SPECIMEN 


NO. 


63-4LS-1 
63-5LS-1 
63-6LS~1 


63-1TS-2 
63-1TS-3 
63-4TS-1 


125-1LS-1 
125-4LS-1 
125~-5L5-1 


125-1TS~3 
125-2T5-2 
125-4TS-1 


250~2LS-1 
250-3LS-1 
250-3LS~2 


250-2TS~1 
250-2TS-2 
250-3TS-1 


TEST 
DIRECTION 


L 
L 
L 


eom i | [et sat se) Co ee ae 


ae 


AVG: 


AVG: 


AVG: 


AVG: 


AVG: 


AVG: 














MPa 


582.6 
582.6 
579.2 


581.5 
586.1 
582.6 
579.2 
582.6 
589.5 
599.9 
603.3 
597.6 
596.4 


596.4 
596.4 





596.4 
575.7 
589.5 
593.0 
586.1 
568.8 
568.8 
586.1 


574.6 


tu 











Modulus 
103MPa 10® psi 
88.74 12.9 
73.91 10.7 
81.98 11.9 
81.54 11.8 
76.26 11.1 
* * 
78.19 11.3 
77.22 11.2 
75.43 10.9 
77.64 11.3 
82,53 12,0 
78.53 11.4 
74.26 10.° 
74.19 10.0 
76.47 11.1 
74.97 10.9 
* k 
* *x 
83.29 12.1 
83.29 12.1 
* * 
76.95 11.2 
80.81 11.7 
78.88 11.4 


Elongation, % 
(5.08cm gage length) 
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TABLE A-3. ROOM TEMPERATURE MECHANICAL PROPERTIES OF AS-RECEIVED 2024-T861 ALUMINUM ALLOY SHEET 





SHEET 7 : 
3 THICKNESS SHEET = SPECIMEN TEST ty tu MODULUS ELONGATION, % 
8 m in NO. NO. DIRECTION MPa ked MPa = ksi «-«103MPa 10®psi (5.08 cm CAGE LENGTH) 
9 1.60 .063 1 63-ILS-1 L 499.9 72.5 520.6 75.5 70.33 10.2 6.5 
5 1.60 .063 1 63-1LS-2 L 496.4 72.0 5217.1 75.0 71.02 10.3 6.5 
i 1.60 .063 1 63~LLS-3 L 496.4 72.0 517.1 75.0 69.64 10.1 6.0 
a AVG: 497.8 72.2 518.5 75.2 70.33 10.2 6.3 
Q 1.60 .063 1 63-ITS-1 T 493.0 71.5 520.6 75.5 69.64 10.1 5.5 
S 1.60 .063 1 63-1TS-2 t 493.0 71.5 524.0 76.0 72.40 10.5 6.5 
LY 1.60 .063 6 63-6TS-1 T 496.4 72.0 524.0 76.0 73.09 10.6 1.0 
db 
r) AVG: 484.4 71.7 522.6 75.8 71.71 10.4 6.3 
d 
a 3.18 .125 1 125-I1s-2 L 496.4 72.0 520.6 75.5 71.02 10.3 7.5 
1 > 3.18 .125 1 125-ILS~3 L 496.4 72.0 524.0 76.0 71.71 10.4 8.0 
§ os 3.18 125 2 125-2L8-1 L 499.9 72.5 524.0 76.0 71.02 10.3 8.0 
s AVG: 496.4 72.0 522.6 75.8 71.02 10.3 7.8 
e 
4 3.18 .125 1 125-ITS-2 T 496.4 72.0 524.0 76.0 67.57 9.8 7.0 
8 3.18 125 1 125-ITS-4 T 496.4 72.0 527.5° 76.5 70.33 10.2 8.0 
e 3.18 .3? 6 125-6TS-1 T 503.3 73.0 534.4 77.5 71.72 10.4 25, 
4 
0 AVG: 498.5 72.3 528.8 76.7 69.64 10.1 7.5 
3 
3 6.35 .250 1 250-ILS-1 L 510.2 74.0 517.1 75.0 68.26 9.9 6.5 
> 6.35 .250 1 250-I1S-2 L 510.2 74.0 517.1 75.0 71.02 10.3 6.5 
g 6.35 .250 1 250-ILS~3 L 510.2 74.0 517.1 75.0 70.33 10.2 7.0 
AVG: 510.2 74.0 517.1 75.0 69.64 10.1 6.8 
d 
e 6.35 .250 1 250-ITS—1 T 496.4 72.0 510.2 74.0 71.71 10.4 6.0 
4 6.35 .250 1 250-ITS-2 T 496.4 72.0 513.7 74.5 74.47 10.8 6.0 
6.35 .250 3 250-3TS-3 T 506.8 73.5 527.5 76.5 71,02 10.3 7.0 
AVG: 497.8 92.2 517.1 75.0 72.40 10.5 6.3 


TSBL~b212 ONY 1981-8202 


404 VLVG SOINVHISW AUN Loves 


LHuOd3a¥ TVNId 


bLGT 4990190 
eStta GW 


£602 * ANVAWOD SIMNVUNOELSY SYTIONCAG WIANNOAIW 


“VY 
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SHEET 
THICKNESS 


mn 


1.60 
1.60 
1.60 


* 
EXTENSOMETER SLIPPED OFF SPECIMEN. 


in 


063 
063 
063 


125 
2125 
2125 


-250 
-250 
-250 


-250 
-250 
~250 


TABLE A-4, 

SHEET SPECIMEN 

No. NO. 
2 63-2LS-2 
3 63-3LS-~1 
5 63-5LS-2 
2 63~-2TS~1 
2 63-2TS~2 
3 63-3TS-1 
2 125-2LS-2 
2 125-2LS-1 
5 125-5LS-2 
i 125-1TS-1 
2 125-2TS-1 
3 125-3TS-1 
2 250-2LS-2 
4 250-4LS-1 
4 250-4LS-2 
1 250-1TS-3 
3 250-3TS-2 
3 250-3TS-3 


TEST 
DIRECTION 
L 
L 
L 
AVG: 
T 
T 
T 
AVG: 
L 
L 
L 
AVG: 
T 
T 
t 
AVG: 
L 
L 
L 
AVG: 
T 
t 
ANG: 


Fey 
MPa 


386.1 
386.1 
382.7 
385.0 
396.5 
389.6 
393.0 
393,0 
386.1 
* 
396.5 
391.3 
396.5 
399.9 
393.0 
395.5 
393.0 
382.7 
382.7 
386.1 
396.5 
393.0 
403.4 


397.8 


Feu 
HPa 


396.5 
389.6 
389.6 
391.9 
403.4 
399.9 
403.4 
402.2 
396.5 
393.0 
403.4 
397.6 
403.4 
406.8 
399.9 
403.4 
403.4 
393.0 
393.0 
396.5 
406 .8 
410.3 
410.3 


409.1 


MODULUS 
lojPa 108 psi 
60.74 8.81 
56.81 8.24 
59.92 8.69 
59.16 8.58 
62.74 9,10 
64.88 9.41 
66.19 9.60 
64.61 9.37 
57.37 8.32 
59.84 8.68 
58.33 8.46 
58.54 8.49 
57.23 8.30 
60,12 8.72 
60.95 8.84 
59,43 3.62 
60.47 8.77 
60.40 8.76 
58.68 8.52 
59.85 8.68 
57.78. 8.38 
64.61 9,37 
59.78 8.67 
60.74 8.81 


MECHANICAL PROPEPTIES OF AS-RECEIVED 2024-T861 ALUMINUM ALLOY SHEET AT 450°K (350°F) 


ELONGATION, % 
(5.08 cm GAGE LENGTH) 


13 
12 
10 


12 
13 
12 
12 


12 


12 
12 
12 


12 
12 
12 
il 


12 


SBL-b212 ONY 1981-b202 


40d VLVG SOINVHOAW Jun Lowes 


GLGT 4990]2)) 
Sita 90H 


LYOd4a¥ TVNis 


2 a8 tana anemia a AIT AEE ONTO FICS 


ASU FS ANVAINOSD SILLNVNOEAGSY SYUTIDNOCAG TIANAOCAIW 


9-V 


TABLE A-5. 

PLATE 
NO. LOCATION* 

2 Top 

2 Middle 

3 Top 

a Boctom 

& Top 

5 Top 


MECHANICAL PROPERTIES OF AS-RECEIVED 2124-T851 ALUMINUM ALLOY PLATE AT 144°K (-200°F) 


SPECIMEN 


No. 


2L-1 
2L-2 
31-1 


ITR-3 
4TR-1 
5TR~1 


TEST 


L 
L 
L 


Area 


DIRECTION 


AVG: 


AVG: 


* Location in 2 5.08 cm (2.0 inch) thick plate. 


** Extensometer slipped off specimen, 


F 
ty 


MPa 
534.4 
527.2 
541.3 
534.4 


kk 


506.8 
506.8 


506.8 


ksi 


~~ 
wmarn 
se 8 
ulin 


77.5 








Modulus 
103MPa  10®pst 
81.64 11.8 
83.29 12.1 
81.84 11.9 
82.26 11.9 
kk kk 
81.98 11.9 
79.43 11.5 
80.71 11.7 


Elongation, % 
(5.08cm gage length) 


io] [o> 00 oo 


@ Joo ~1 oo 


WSOL-bZ1e ONY 198L~b202 


404 VLYG SOINVHOSW 3YNLIVeS 


LET 4290190 
St13 IGN 


L¥Od3u 1VNId 





TABLE A~6. ROOM TEMPERATURE MECHANICAL PROPERTIES OF AS-RECEIVED 2124-T851 ALUMINUM ALLOY PLATE 


1S8.1~6Z12 ONY 1981-8202 
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s PLATE x SPECIMEN TEST ee Feu Modulus Elongation, % 
NO, LOCATION NO. DIRECTION MPa ksi MPa ksi 105Pa 108 si (5.08 cm gage length) 
g ees eee ae A LEER aBEREGLEUN ESSE Pee). Ste. eS. seopsS A209 cm gage tength) 
2 1 Top IL-1 L 486.2 70.5 510.2 74.0 72.40 10.5 10.0 
2 i Middle TL-2 L 468.9 68.0 503.3 73.0 73.78 10.7 9,0 
Hi] 1 Bottom IL-3 L 482.7 70.0 506.8 73.5 71.71 10.4 9.0 
Pr 
8 AVG: 479.2 69.5 506.8 73.5 72.40 10.5 9.3 
2 i Top IT-1 T 465.4 67.5 499.9 72.5 72.40 10.5 9.5 
6 1 Middle IT-2 tr 461.9 67.0 493.0 71.5 73,09 10.6 9.5 
e 5 Bottom 5T-3 T 468.9 68.0 499.9 72.5 71.02 10.3 9.5 n 
a AVG: 465.4 67.5 497.8 72.2 72.40 10.5 9.5 r= 
b > 
4 aa 
x» 
3 2; “Hotatien in a 5.08 em (2.0 inch) thick plate a 
¢ v 
§ = 
3 7 
a 
ay) 
9 
| 
> 
2 
< 
a 
m 
b 
e 
4 


& 
z 
= 
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TABLE A-7. MECHANICAL PROPERTIES OF AS-RECELVED 2124-T851 ALUMINUM ALLOY PLATE AT 450°K (350°F) 
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PLATE SPECIMEN TEST Thy Feu Modulus Elongation, % 
NO. LOCATTON* NO. DIRECTION. MPa kei MPa ksi lOMPa 10° psi  (5.08cm gage Length) 
2 Bottom 2L-3 L 365.4 53.0 375.8 54.5 61.16 8.87 16 
3 Middle 3L-2 L 351.6 51.0 372.3 54.0 62.40 9.05 17 
3 Bottom 3L-3 : 368.9 53,5 382.6 35.5 39.99 8.70 15 
AVG: 361.98 52.5 377.2 54.7 61.16 8.87 16 
5 Middle 5T-2 T 358.5 52.0 362.0 52.5 61.09 8.86 14 
i Middle 47-2 T ke 0 eR HBG 53.5 ke 14 
4 Bot tom 423 T 365.4 53.0 376.5 54-5 63-57 9.22 45 
AVG: 362.0 52.5 368.9 53.5 62.33 9.04 14 


* Location in a 5.08 cm (2.0 inch) thick plate 
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co kk Extensometer slipped off specimen 
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Appendix 8B 
RESULTS OF ELASTIC COMPLIANCE CALIBRATION 
The following data tables incorporate the compliance/crack length data 
obtained from calibrations of the center cracked tension specimen used in this 


Program. Details concerning the test equipment and procedure used can be found 


in Section 3.1, 


Bel 
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TABLE B-1 


LOAD/DISPLACEMENT DATA FOR 2024-T861 SPECIMEN 63-2L4 AT 
298°K (70°F), BUCKLING RESTRAINED 


(thickness: 1.60 mm or .063 inch) 


RATIO OF CRACK LENGTH TO SPECIMEN WIDTH, 2a/w 


157 1,307° 1.458 1.65) = 1.897- 


. 083.085.128.171 .213 «256-289-307 388427469512 55S. 
“MAX, APPLIED LOAD, P MN =---Q.071 0.053. 0.094. 0.036 0.031 0.027 0.027 0.022. 0.022 0.022 0.018 0.018 0.018 
Kips 16.0 12.0. 10.0 8.0 7.0 60 60 5.0 5.0 50. 40 40 4.0. 
DISPLACEMENTS -AT: 
ar _, am. 0.0245 0.0376 0.0486 0.0511 0.0543.0.0553 0.0656 .0.0628 0.0717 0.0813 0.0720: 0.0880." 0.0993 
OSPR ANTS in| 964.-1.481 1.934 2.012 2.137 2.179 2.584 2.472 2.822 3.199 2.836 3.464 - 3.917 
pare 3 0.0302. 0.0465 0.0596 0.0625 0.0671 0.0685 0.0809 0.0777 0.0887 0.1004 0.0898 0.1075 0.1220. 
-0.6P Fin 1.187 1.830 2.347. 2.460 2.640 2.696 3.185 3.059 3.492 3.953 3.538 4.232. 4.805 
gm. -0,0355:0.0550°0.0706 0.0749 0.0802 0.08167 0.0965 0.0919 0.1050 0.1188 0.1085 0.1270 0.1444 
D.7P Wn 1397..2.165- 2.780 2.947 3.157 3.213 3.799 3.618 4.135 4.679 4.191 5.001 $.685 
; =3™ 0.0415 0.0639 0.0816 0.0866 0.0926 0.09474 0.1118 0.1068 0.1237 0.1377 0.1231 0.1465: 0.1660 
0.8P ee 1.634 2.514 3.213 3.408 3.646 3.730 4.400 4.205 4.791. 5.420 -4.807. 5.769 6.537 
ED _g lm 0.0475 0.0727 0.0933 0.0983 0.1054 0.1082 0.1270 0.1217 0.1384 0.1558-0.1398 0.1650 0.1884 
0.9P 10°F in © 1:872-2.864 3.674 3.869 4.149 4.260 5.001 4.793 5.448 6.132 5.504 6.495 7.417 
“gf — 0.0532 0.0820 0.1047 0.1103 0.1185 0.1213 0.1426 0.1362 0.3547 0.1739 0.1561 0.1845, 0.2107 
oP in 2.095" 3.227 4.321 4.344 4.666 4.777 5.635 5.364 6.090 6,845 6.146. 7.264 8.297 
“COMPLIANCE, Co. a (0.810. 1.656. 2.520 3.339 4.196 4.998. 5.766. 5.605: 7.460. 8.323 9.428. 10.832 12.488 
: info 0.142 0.290 0.441 0.584 0.721 0.867 1.010. 3. 2.187 


597 
0.013 


3.0. 


0.0823 
3.241 


9.1008 


3.967 


0.1192 
4.693 


0.1387 
5.462 


0.1575 
6,202 


0.1767 
6.986 


14.366 15.806. 17.808" . 


2.48) 


“640.683 


0.013 0.013 ~ 


3.0 3.0 


0.0940 0:1078 
3.702 4.246 


0.2150 0.1313 


4.526 5.168 


0.3359 . 0.7550 
5.350 6.104% 


0:1568 0.1785 


6.174. 7.026 


0.1785 .0;2026 
7.026 7.976 


0.1994 0.2267 
7.850 8.926 


2.768. 3.119. 
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TABLE B-2 
LOAD/DISPLACEMENT DATA FOR 2024-T861 SPECIMEN 63-2L4 AT 
298°K (70°F), BUCKLING UNRESTRAINED 


(thickness: 1.60 mm or .063 inch) 


RATIO OF CRACK LENGTH TO SPECIMEN WIDTH, 2a/w 


-043 -085 -128 «173 -233 256 -299 -341 384 -427 
MAX APPLIED, LOAD, P = MN 0.071 0.053 0.044 0.036 0.031 0.027 0.027 0.022 0.022 0.022 
Kips 16.0 12.0 10.0 8.0 7.0 6.0 6.0 §.0 5.0 5.0 
DISPACEMENTS AT: 

.3 mm 0.0252 0.0398 0.0500 G.0527 0.0568 0.0578 0.0692 0.0663 0.978) 0.0919 

~5P 10° ia 0.952 1.565 1.928 2.053 2.235 2.277 2.724 2.612 3.073 3.618 
37m 0.0309 0.0486 0.0600 0.0639 0.0692 0.0710 0.0845 0.0816 0.0958 0.1118 

-6P 10“ fn 1.215 1.914 2.36} 2.514 2.724 2.794 3.325 3.213 3.772 4.400 
30m 0.0366 0.0571 0.0710 0.0756 0.0823 0.0837 0.0997 0.0958 0.112) 0.131% 

-7P 107" in 1,439 2.249 2.794 2.975 3.24) 3.297 3.925 3.772 4.414 5.166 
3m 0.0426 0.0660 0.0816 0.9873 0.0947 0.0965 0.1350 06.3110 0.1292 0.1808 

- BP 10°" in 1.676 2.598 3.213 3.436 3.730 3.799 4.526 4.372 5.085 5.927 
3m 0.0483 0.0749 0.0930 0.0990 0.1075 0.1100 0.3299 06,1260 0.1458 0.1703 

«OP Ww” in 1.900 2.967 3.660 3.897 4.232 4.330 5.143 4.959 5.741 6.705 
ym 9,0543 0.0837 0.1083 0.3107 0.1203 0.4231 0.1451 0.1402 0.1622 Q.1902 

P 10 ~ fn 2.137 3.297 4,107 4,358 4.736 4,847 5.713 5.518 6.384 7.887 
COMPLIANCE, C maf tat 0.817 1.646 2,482 3.290 4.082 4.883 5.686 6.646 7.548 B.B19 


10°? in/tb 0.143 0.288 0.435 0.576 0.715 0.855 0.996 1, 164 1.322 1,645 


469 
0.018 


0.0839 
3.283 


6.1029 
4.05} 


0.1224 
4.819 


0.1416 
5.573 


0.3611 
6.342 


6.1820 
7.166 


17.029 
1.932 


1S81~$Z12 ONY 1981-202 


¥Od VLG SOINVHOSW JUALOVES 


PLGT 28Q0)90 


Stl DOW 


LH0d3¥u IVNId 


TABLE B-3 


LOAD/DISPLACEMENT DATA FOR 2024-T861 SPECIMEN 125-2L4 AT 
298°K (70°F), BUCKLING R&eSTRAINED 


(thickness: 3.18 mm or 0.125 inch) 


RATIO OF CRACK LENGTH TO SPECIMEN WIDTH, 2a/w 
(043.085 «128-170, «273 «#255. 298 .340 «63834260468 SIT S59) 596 -638 .681 


MAX. APPLIED LOAD, P MN 0.133 0.089 0.089 0.067 0.067 0.044 0.044 0.044 0.044 0.044 0.036 0.036 0.03) 0.031 0.027 0.027 
Kips 30.0 20.0 20.0 15.0 15.0 10.0 10.0 10.0 10.0 10.0 80 80 7.0 7.0 6.0 6.0 


DISPLACEMENTS AT: 
0.0238 0.0330 0.0497 0.0479 0.0600 0.0461 0.0564 0.0653 0.0763 0.0851 0.0766 0.873 0.0855 0.0990 0.0947 0.1082 


em 
SP 10-3 in 0.936 1.299 1.956 1.886 2.361 1.816 2.221 2.570 3.003 3.352 3.017 3.436 3.366 3.897 3.730 4.260 
-3 7m 0.0287 0.0403 0.0603 0.0582 0.0735 0.0568 0.0692 6.0802 0.0937 0.1047 0.0937 0.1068 0.3047 0.1399 0.1153 0.1302 
-6P 10” in 1.131 1.578 2.375 2.291 2.892 2.235 2.724 3.157 3.688 4.321 3.688 4.205 4.121 4.721 4.540 5.126 


3m 0.0341 0.0472 0.0710 0.0685 0.0866 0.0678 6.0820 0.0951 0.1307 0.1238 0.1110 0.1260 0.1242 0.1416 0.1359 0.1529 
in 1.341 1.858 2.794 2.696 3.408 2.670 3,227 3.744 4.358 4.875 4.372 4.959 4.889 5.573 5.350 6.020 


3m 0.0394 0.0546 0.0823 0.0791 0.1001 0.0788 0.0951 0.1300 0.1277 0.1433 0.12817 0.1458 0.1433 0.1632 0.1561 0.1760 
-8P 10~ in 1.551 2.151 3.241 3.715 3.939 3.101 3.744 4,330 5.029 5.643 5.043 5.743 5.643 6.425 6.146 6.928 


3m 0.0443 0.9637 0.0930 0.0905 0.1135 0.0901 0.1078 0.1252 0.1455 0.1625 0.1458 0.1650 0.1622 0.1845 0.1767 0.1990 
23? 10” in 1.746 2.431 3.660 3.562 4.470 3.548 4.246 4.93} 5.727 6.398 5.74) 6.495. 6.384 7.264 6.956 7.836 


_3™m 0.0500 0.0688 0.3043 0.1008 0.1270 0.1011 6.1210 0.1405 0.1622 0.1824 0.1632 0.1845 0.1813 0.2054 0.1973 0.2221 
Pp 10 ~ in 1.970 2.710 4.107 3.967 5.001 3.981 4.763 5532 6.384 7.180 6.426 7.264 7.138 8.088 7.767 8.744 


¢ .7P WW 


COMPLIANCE, C m/l 0.393 0.808 1.228 1.592 2.008 2.479 2.903 3.380 3.865 4.362 4.869 5.464 6.154 6.861 7.676 8.554 
10-8 inflb 0.069 0.142 0.215 0.279 0.352 0.434 0.508 0.592 0.677 0.764 0.853 0.957 1.078 1.201 1.344 1.498 
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TABLE B-4 
LOAD/DISPLACEMENT DATA FOR 2024-T861 SPECIMEN 125-214 AT 
298°K (70°F), BUCKLING UNRESTRAINED 
(thickness: 3.18 mm or 0.125 inch) 


RATIO OF CRACK LENGTH TO SPECIMEN WIDTH, 2a/w 
+043 6085) = 6128S «170.213 «255.298 «340.383. 426 468 = 51] 


1S81.-6212 GNY 198L-b202 


¥O4 V1V0 SOINVHOSW 3unLovus 


MAX APPLIED, LOAD, P MN 0.333 0.089 0.089 0.067 0.067 0.044 0.044 0.044 0.044 0.044 0.036 0.036 0.037 0.037 0.027 0.027 
6.0 


Kips 30.0 20.0 20.0 15.0 15.0 10.0 10.0 30.0 10.0 10.0 8.0 8.0 
DISPLACEMENTS AT: 


-3 Mm =—-0.0245 0.0330 0.0514 0.0490 0.0617 0.0497 0.0585 0.0699 0.0805 0.0933 0.0847 0.0958 0.0937 0.1086 0.106) 0.2206 
-5P 10” ia 0.964 1.299 2.025 1.928 2.432 1.956 2.305 2.752 3.371 3.674 3.311 3.772 3.688 4.274 4.177 4.749 


0.0294 0.0358 0,062} 0.0593 0.0752 0.0607 0.0717 0.0848 0.0979 0.1135 0.1022 0.1164 0.1135 0.1313 0.1274 6.145] 


-6P 
-3 ™ 0.0348 0.0472 0.0737 0.0699 0.0887 0.0717 0.0848 0.1004 0.1157 0.1338 0.1206 0.1366 0.3345 0.1540 0.1494 0.1700 
-7P 10 ~ in 1.369 1.858 2.878 2.752 3.492 2.822 3.339 3.953 4.554 5.266 4.749 5.378 5.294 6.062 5.881 6.691 
~3 MM 0.0398 0.0543 0.0837 0.0805 0.1022 0.0827 0.0983 0.1157 0.1334 0.1533-0.7384 0.1572 0.1543 0.1770 0.1717 0.1951 
-8P 10°" in 1.565 2.137 3.297 3.171 4.023 3.255 3.869 4.554 5.252 6.034 5.448 6.188 6.076 6.970 6.76) 7.683 
3 ™M = 0,.0451 0.0614 0.0947 0.0915 0.1157 0.0940 0.1114 0.1309 0.1508 0.1739 0.1568 0.1777 0.1746 0.2001 0.1947 0.2207 
~9P 1a~ in 1.774 2.417 3.730 3.604 4.554 3.702 4.386 5.154 5.937 6.845 6.174 6.998 6.873 7.878. 7.641 8.688 
3 am = 9.0507 0.0685 G.1057 0.1022 0.1292 0.1054 0.1245 0.1465 0.1685 0.1937 0.1753 0.1987 0.1951 0.2232 0.2164 0.2462 
p 10°" in 1.998 2.696 4.163 4.023 5.085 4.149 4.903 5.769. 6.635 7.627 6.900 7.822 7.683 8.786 8.521 9.694 
COMPLIANCE, € mam iit 0.392 0.801 1.221 1.600 2.02] 2.502 2.977 3.447 3.959 4.512 5.118 5.773 6.518 7.364 8.2B7 9.419 


10-6 in/lb 0.069 0.140 0.214 0.280 0.35% 0.438 0.520 0.604 0.693 0.790 0.896 1.011 


om 
1073 in 1.159 1.565 2.445 2.333 2.961 2.389 2.822 3.339 3.855 4.470 4.023 4.582 4.470 5.168 5.015 5.713 
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TABLE B-5 


LOAD/DISPLACEMENT DATA FOR 2024-T861 SPECIMEN 250-4T4 AT 144°K (-200°F) 


(thickness: 6.30 mm or -248 inch) 





5 
9 
r4 
2 
qi RATIO OF CRACK LENGTH TO SPECIMEN WIDTH, 2e/w 

0.085 -170 256 341 426 51 596 -681 
P 
MS] MAX. APPLIED LOAD, P my 0.200 0.133 0.111 0,089 0.080 0.067 0.058 0.344 
g Kips 45.0 30.0 25.0 20.0 18.0 15.0 13.0 10.0 
6 DISPLACEMENT AT: 
db _3™ 0.0309 0.0415 0.0507 0.0539 0.0710 0.0805 0.0788 0.0858 
7) 0.5P 10° in 1.215 1.634 1,998 2.123 2.794 3.17] 3.101 3.366 
.3™m 0.0369 0.0511 0.0617 0.0660 0.0851 0.0965 0.0951 0.1015 
4 0.6P 10 in 1.453 2.012 2.431 2.598 3.362 3.799 3.744 3.995 
3 3 0.429 0.0600 0.0731 0.078) 0.0993 0.1721 0.1114 0.1175 
g 0.7P 10° in 1.690 2.361 2.878 3.073 3.911 4.414 4.386 4.624 
b _3am 0.0497 0.0685 0.085? 0.0905 0.1139 0.1277 0.1270 0.1338 
g 0.8P iO” in 1.956 2.696 3.352 3.562 4.482 5.029 5.000 5.266 
5 “3m 0.0553 0.0777 0.0955 0.1029 0.1284 0.1437 0.1433 @.1497 
0 0.9P 10° in 2.179 3.059 3.758 4.051 5.057 5.657 5.643 5.895 
9 _3™m 9.0617 0.0866 0.1078 0.1150 0.1426 0.1597 0.1597 0.1664 
8 P 10°" in 2.43) 3.408 4.246 4.526 5.615 6.286 6.286 6.551 
s COMPLIANCE, C o/h 0.309 0.671 1.024 1.376 1.794 2.367 2.791 3.633 
M 10°? inf tb 0.054 0.118 0.179 0.241 0.314. 0.415 0.489 636 
2 
< 
s 


m 
> 
) 
4 
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max. APPLicD LGAD, P 
DISPLACEMENTS AT: 
Q.5P 
0.5P 
0.7? 
0.aP 
0.9P 


Pp ' 
COMPLIANCE, C 


TABLE B-6 


LOAD/DISPLACEMENT DATA FOR 2024-T861 SPECIMEN 250-4T4 AT 298°K (70°F) 


(thickness: 6.30 mm or .248 inch) 


RATIO OF CRACK LENGTH TO SPECIMEN WIDTH, 2c/w 


0.043 0.085 .128 .170 = .213 


Mi 0.267 0.200 0.156 0.133 0.111 
Kips 60.0 45.0 35.6 30.0 25.0 


3m 0.0248 0.0394 0.0844 0,0497 0.0518 
10 ~ in .97B8 1.551 1.746 1.956 2.039 


.3™ 0.0302 0.0472 9.0539 0.0600 0.0624 
10 ~ in 1.187 1.858 2.123 2.361 2.458 


__ im 9.0345 0.0553 0.0628 0.0699 0.0731 
lo in 1.397 2.179 2.472 2.752 2.878 


_3 mm 0.0408 0.0635 0.0720 0.0805 0.0837 
ta ~ in 1.606 2.500 2.836 3.171 3.297 


3m 0.046) 0.0720 0.0809 0.0912 0.0944 
10 ~ in 1.816 2.836 3.185 3.590 4.716 


_3™m 0.0514 0.0802 6.0905 0.1018 0.7050 
10" in 2.025 3.357 3.562 4,009 4.135 


mnfMN 0.199 0.409 0.588 0.782 0.959 
10-8 in/ib 0.0349 0.0717 0.103 5.337 0.168 


(256.298 .34% .383 .426 «1469 «.5T)))| 554.596 | -839 687 


0.111 0.089 0.089 0.089 0.086 0.076 0.067 0.062 O.uss 0.053 0.064 
25.0 20.0 20.0 20.0 18.0 17.0 15.0 14.0 13.0 12.0 10.0 


0.0631 0.0600 0.0692 0.0788 0.0813 0.0859 0.0851 0.0873 6.0905 0.0958 0.0919 
"486 2.361 2.724 3.101 3.199 3.380 3.352 3.436 3.562 3.772 3.618 


2 
0.0759 0.0723 6.0834 6.0944 0.0983 9.1046 0.1025 0.1065 0.1100 0.1160 0.17174 
2.989 2.850 3.283 3.716 3.869 4.093 4.037 4.191 4.330 4.568 4.386 


0894 0.0848 0.0983 0.1118 0.1257 0.1224 0.1213 0.1249 0.1288 0.1359 0.1309 
"520 3.339 3.870 4.400 4.554 4.819 4.777 4.917 5.071 5.350 5.154 


wo 


0.1029 0.0976 0.1128 0.1281 0.1323 0.1405 0.1394 0.3433 0.1490 0.1568 0.1507 
4.051 3.841 4.442 5.043 5.210 5.532 5.490 5.643 5.867 6.774 5.909 


0.1160 0.1096 0.1274 0.144" 1.1494 0.1586 0.1575 0.3625 0.1689 0.1763 0.1700 
4.568 2.316 5.015 5.685 5.881 6.244 6.202 6.398 6.649 6.942 6.691 
G 
5 


1288 0.1228 0.1416 0.1618 0.1660 0.1770 0.1756 0.1810 0.1891 0.1973 6.1895 


“071 4-833 5.573 6.370 6.537 6.970 6.914 7.124 7.445 7.767) 7.459 


1.188 1.410 1.633 1.867 2.118 2.430 2.724 3.004 3.409 3.797 4,385 
0.208 0.247 0.286 0.327 0.371 0.422 0.477 0.526 0.597 0.665 0,768 
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TABLE B~-7 


LOAD/DISPLACEMENT DATA FOR 2024-T861 SPECIMEN 250-4T4 AT 450°K (350°F) 


(thickness: 6.30 mm or .248 inch) 


RATIO OF CRACK LENGTH TO SPECIMEN WIDTH, 2c/w 


0.085 0.170 0.256 0.341 0.426 0.513 0.595 0.681 
MAX. APPLIED LOAD, P MN 0.200 0.133 0.111 0.089 9.580 0.067 0.058 0.044 
Kips 45.0 30.0 25.0 20.0 18.0 15.0 13.0 10.0 
DISPLACEMENTS AT: 
_3m 0.0429 0.0543 0.0575 0.0635 0.0741 0.0851 0.7040 0.1022 
0.5P 10°” in 1.690 2.137 2.263 2.500 2.919 3.352 4.093 4.023 
3 0.0518 0.0656 0.0737 0.0791 0.0927 0.1047 0.1260 0.1235 
0 6P 10°? in 2.039 2.584 2.822 3.115 3.650 4.121 4.959 4.861 
_3 mm 0.0607 0.0766 0.0859 0.0951 0.1114 0.1245 0.1480 0.1444 
0.7P 10°” in 2. 389 3.017 3,386 3.744 4.386 4.903 5.825" 5.685 
31m 0.0699 0.0876 0.1001 0.1130 9.1302 0.1448 0.1700 0.1660 
0..aP lo? in 2.752 3.450 3.939 4.372 5.126 5.699 6.691 6.537 
3m 0.0791 0.0993 0.1146 0.1267 0.1497 0.1639 0.1923 - 0.1884 
0.9 10°” in 3.115 3.911 4,512 4.987 5.895 6.453 7.57% 7.417 
.3 0.0887 0.1107 0.3292 0.1423 «0.1678 0.1842 0.2336 0.2093 
P 10“ in 3,492 4,358 5.085 5.601 ° 6.607 7.250 8.409 8.24 
COMPLIANCE, C mm/MN 0.458 0.845 1.290 1.776 2.393 2.969 3.803 4,831 
10-6 in/1b 0.0802 6.148 0.226 0.311 0.479 0.520 0.666 0.896 
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MAX. APPLIED LOAD 
DISPLACEMENTS AT: 
0.5P 
0.6? 
0.7P 
Q.8P 
0.9P 


P 
COMPLIANCE, © 


TABLE B-8 


LOAD/DISPLACEMEN? DATA FOR 2124-T851 SPECIMEN 1T7-453-1 AT 298°K (70°F) 


MN 
Kips 


mu 
10°? in 
fu si] 
10°? in 


im 
10-3 iin 
im 

1073 in 


mm 
10°? in 


™ 


3 in 


10 


om/MN 
yo-6 inftb 


(thickness: 11.43 mm or .450 inch) 


RATIO OF CRACK LENGTH TO SPECIMEN WIDTH, 2c/w 
0.043 0.085 0.128 0.171 0.213 0,256 0.299 0.341 0.384 0.426 0.469 0.512 0.554 ©.597 0.640 0.682 


0.578 0.400 0.311 0.267 0.222 0.222 0.177 0.179 0.177 0.133 0.133 0.133 0.333 Q.111 O.111 0.117 
130 90.0 70.0 60.0 50.0 56.0 40.0 40.0 40.0 30.0 30.0 30.0 30.0 25.0 25.0 25.0. 


0.0366 0.0482 0.0554 0.0638 0.0661 0.0789 0.0761 0.0884 0.1002 0.0879 0.0985 0.1097 0.1232 0.1159 0.1293 0.1433 
7.44} 3.896 2.182 2.513 2.601 3.108 2.998 3.482 3.945 3.460 3.879 4.320 4.849 4.563 5.092 5.643 


0.0425 0.0577 0.0661 0.0756 0.0789 0.0935 0.0896 0.1041 0.1783 0.1030 0.1159 0.1293 0.1445 0.1360 0.1523 0.1685 
1.675 2.270 2.601 2.976 3.108 3.68) 3.527 4.100 4.651 4.056 4.563 5.092 5.687 5.356 5.995 6.634 


0.0498 0.0666 0.0767 0.0879 0.0907 0.1086 0.1036 0.1198 0.1366. 0.1181 0.1332 0.1489 0.1663 0.1568 0.1752 0.1943 
1,962 2.623 3.020 3.460 3.571 4.276 4.078 4.717 5.378 4.65} 5.246 5.863 6.546 6.172 6.899 7.648 


0.0571 .0.0761 0.0879 0.1002 0.1030 0.1237 0.1176 0.1366 0.1551 0.1332 0.1506 0.1691 0.1892 0.1775 0.1988 0.2205 
2.248 2.998 3.460 3.945 4.056 4.871 4.629 5.356 6.105 5.246 5.929 6.656 7.450 6.987 7.825 8.684 


0.0638 0.0856 0.0985 0.1120 0.1159 0.1383 0.1310 0.1523 0.1730 0.1495 0.1679 0.1892 0.2111 0.1982 0.2217 0.2458 
2.543 3.372 3.879 4.408 4.563 5.444 5.188 5.995 6.81] §.885 6.612 7-459 8.310 7.803 8.706 9.676 


0.0711 0.0952 0.1092 0.1243 0.1276 0.1539 0.1456 0.1685 0.1920 6.1652 0.1864 0.2088 0.2335 0.2183 0.2444 0.2721 
2.799 3.747 4.298 4.893 5.025 6.06) 5.731 6.634 7.560 6.502 7.340 8.221 9.191 8.596 9.610 10.712 


0.120 0.234 0.348 0.451 0.554 0.674 0.777 0.902 1.034 1.159 1.313 1.490 1.656 1.850 2.067 2.318 
0.623 0.041 0.061 0.079 0,097 0.118 0.136 0.158 0.181 0.203 0.230 0.261 0.290 0.324 0.362 0.406 
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FINAL REPORT 


FRACTURE MECHANICS DATA FOR MDC EL153 
9023=-T861 AND 2124-T851 October:1974 


APPENDIX C 
FRACTURE TOUGHNESS TEST DATA 


This appendix contains all the fracture toughness test data generated under 
the program. Because of the great quantity of data, it is divided into sections 
according to alloy, specimen thickness, and buck] ing constraint, as follows: 


Nominal Specimen 


Section Alloy Thickness Constraint 
z __Thickness _. ere 
LLL 

cl 2024-T861 1.60 -063 Stiffened 
c2 2024-T861 1,60 .063 Unst iffened 
¢3 2024-T861 3.18 125 stiffened 
c4 2024-7861 3.18 125 unstiffened 
c5 2024-T861 6.35 .250 Unstiffened 
C6 2124-T851 6.35 .250 Unst iffened 


C7 2124-T851 11.43 450 Unstiffened 


The data in each section is presented in both graphical and tabular format. 
At the beginning of each section, a summary table is provided which includes per- 
tinent specimen test data, critical stress intensity (Ko) values, and information 
as to the location of the tabular and graphical fracture resistance data for each 
specimen. The critical stress intensity values listed in these summary tables were 


obtained from the fracture resistance curve for each specimen, as described in 


Section 3.4. For some specimens, no K. values are reported because net section 


yielding occurred prior to fracture; such instances are denoted by (*). 
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MDC £1153 
2024-T861 AND 2124-T851 
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SECTION Cl. FRACTURE TOUGHNESS TEST DATA FOR 1.60 mm 
(.063 INCH) THICK 2024-1861, BUCKLING RESTRAINED. 
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iy) 
8 TABLE CI-1. 
2 Fracture Toughness Test Oata for 2024-1861 Specimens 
4 (1.60 nm (.083 inch) Thick, Buckling Restrained) 
e 
a Speci : ‘ 
: necimen Vimensions Precrack Precrack Failure Full Section Critical Stress Data 
8 Specimen Tempera- Orien- Thickness Width Length Load Load Fatjure Stress Intensity, Kc Table Figure 
0 Number ture (K} tation m in on in mm in kW kip kW kip MPa ksi MPav/m ksiVin No. No. 
e 63-1L10 144 L 1.65 .0648 29.787 14.727 82.73 3.26 26.7 6.0 62.6 14.1 127.8 18.5 * * * 
q ay Le t 2 por aoece He 68.09 3.47 26.7 6.0 70.6 15.9 143.7 20.8 re oot Ci-2 Ci-T 
-2L L «64 064 9. ak 25.35 1.00 53.4 12.0 122.1 27.5 249.7 36.2 - . CI-3 Ci-1 
r 63-414 144 L 163.0840 29.794 1.730 12.75 "50 B4.5)49.0s«d67.3 976 345.4 50.1 58.4 §3.2 1-4 ct-1 
2 AVG: 58.4 53.2 
63-6L7 294 L 1,64 -0647 29.812 W737) 81.76 3.22 31.) 7.0 68.3 15.4 139.4 20.2 61.0 55.5 ci-5 C-3 
d 
63-1LT6 294 L 1.64 0644 29.807 11.735 48.62 1. 44.5 30.0 93.6 21.0 192.7 27.9 56.7 $1.6 CI-6 “C1-3 
‘ 63-6L6 294 L 1.65 .0648 29.784 14.726 32.17 48 89.0 20.0 169.5 38.1 345.6 a . eS par Ci-7 (1-3 
VG: . . 
o ; 
3 4 63-6L5 450 L 7.65 +0648 29,782 11.725 98.42 3.88 48.9 41.0 411.2 25.0 226.9 32.9 NS¥ ** ci-8 Ci-5 
9 > 
63-2L14 450 L 1.64 .0644 29.789 11.728 BO.62 3.17 35.6 8.8 115.2 25.9 236.5 34.3 ns¥ C1+9 c1-5 
3 63-2L8 450 Ll 1.54 0844 29.779 11.724 63.03 2.48 62.3 14.0 136.8 30.7 280.8 40.7 NSY ()-10 c1-5 
€ 63-612 144 T 1.65 0650 29.799 =: 11.732 88.54 3.49 22.2 5.0 53.0 W990 (107.7 15.6 44.4 40.2 Ci-11 ci-2 
3 63-5112 144 T 1.66 -0652 29.794 11.730 (25.17 -99 «= 48.9 11.0 99.2 22.3 203.3 29.2 50.3 45.8 Gi-12 C1-2 
8 63-378 144 T 1.63 "0643 «29.774 = «10.. 722 + + + + + + + 
6 . AVG: 47.2 43.0 
8 63-374 294 i 1.63 0640 29.762 11.725 «8.79 3.22 26.7 6.8 66.9 15.1 138.3 20.1 56.1 51.1 {1-13 ««C1-4 
6 63-67) 298 T 1.64 «0647 29.782 41.725 $3.36 1.71 44.5 10.0 B5.9 159.3 175.4 25.4 52.6 47.8 c1-14 {i-4 
63-339 294 T 1.63 -0640 29.794 11.730 12.46 49 80.1 14.4 139.0 31.3 287.0 41.6 49,7 45.2 CI-15 tl-4 
s AVG: 52.8 48.0 
y 63-5711 450 T 1.67 .0658 29,789 11.728 = 98.42 3.88 8644.5 10.0 97.4 21.9 195.7 28.4 HST Ci-16 0 €1-6 
> 
63-675 450 T 1.64 0647 29.771 11.721 63.63 2.50 57.8 13.0 105.9 23-8 216-4 31.4 nsY Cl-17—CI-6 
$ 63-7712 450 T 1.66 0652 9-29.77 11.721 81.61 3.21 35.6 8.0 109.2 24.5 223.5 32.1 uSY Cl-18 0 C1-6 
1 
| 
d 
) * Compliance gage slipped on knife edges. 
~ 


** Recorder malfunction prior to failure. 
+ Specimen Fatled in the grips. 


HSY ilet section stress greater than 0.2 percent offset yield strength prior to failure. 
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Crack Extension, Aa, inch 





0 0.5 - 7.0 1.5 
140 
0 63-414 120 
o 63-2L3 
120 o 63-LLI4 
100 
100 
80 
80 
Stress Stress 
Intensity, Intensity, 
MPa vin 60 ki Vin 
60 
A 40 
40 1 
20 
20 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 1.60 mm (.063 inch) 
Orientation: Longitudinal 
Temperature: 144°K (-200°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
FIGURE CI-1 
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Crack Extension, Aa, inch 
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8.0 16.0 24.0 32.0 40.0 48.0 


Crack Extension, Aa, mm 


Thickness: 
Crientation: 


Temperature: 


1.60 mm (.063 inch) 
Transverse 


144°K (-200°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
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Crack Extension, Aa, mm 


Thickness: 1.60 mm (.063 inch) 
Orientation: Longitudinal 


Temperature: 298°K (70°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
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Crack Extension, Aa, mm 


Thickness: 1.60 mm (.063 inch) 
Orientation: Transverse 


Temperature: 298°K (70°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-7861 


C-17 


MCDONNELL DOUGLAS ASTRONAUTICS COMPANY - EAST 


| 
FIGURE C1-4 | 
| 
| 





reste veg ft ca, 20 int ‘tenth heat merraprray aamaeprwraryryrrin——niintinAitiitslRiinephittittAnietahtteT Abin terse 


FINAL REPORT 


FRACTURE MECHANICS DATA FOR 
2024-T86l AND 2124~T851 


Crack Extension, Aa, inch 
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140 
© 63-2L8 120 
6 63-2L14 
120 & 63-6L5 
100 
100 
80 
80 
Stress 
Intensity, 
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8.0 16.0 24.0 32.0 40.0 48.0 


Crack Extension, Aa, mm 


Thickness: 1.60 mm (.063 inch) 
Orientation: Longitudinal 


Temperature: 450°K (350°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
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Crack Extension, Aa, inch 




















0 . 0.5 . 4.0 1.5 
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MPa vin 60 ksi vin’ 
60 
40. 
40 + 
20 
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0 8] 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 1.60 mm (.063 inch) 
Orientation: Transverse 
Temperature: 450°K (350°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2024-7861 
FIGURE C1-6 
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SECTION C2. FRACTURE TOUGHNESS TEST DATA FOR 1.60 mm 
(.063 INCH) THICK 2024-T861, BUCKLING UNRESTRAINED 


PRECEDING PAGE BLANK NOT FILMED 
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TABLE (2-1. 


Fracture Toughness Test Data for 2024-T861 Specimens 


(1.60 nm {.063 inch) Thick, Buckling Unrestrained} 


Specimen Dimensions Precrack Precrack 
Specimen Tempera~ Orien- Thickness hidth Length Load 
Number ture {X) tation fm in cm in m in KN kip 
U63- 143 1d4 L 1.65 -0563 29.789 11.728 24.71 .97 53.4 12.0 
U63-2L11 144 L 1.63 -0643 29.797 11.73% 12.19 -48 75.6 17.0 
U63-51.2 294 L 1.66 0653 29.794 14.730 82.75 3.26 26.7 6.0 
U63-1L2 294 L 1.63 0641 29,812 11.737 43.89 1.73 40.0 9.0 
U63-7L4 294 L 1.64 0646 29.799 11.732 12,42 A9 75.6 17.0 
U63-6L2 450 L ~64 0644 29.784 11.726 98.88 3.89 44.5 10.0 
U63-1L12 450 L 7.65 0648 29.789 11.728 81.81 3.22 48.9 11.0 
63-342 450 L 1.64 -0644 29.809 V.736 61.93 2.44 48.9 14.0 
u63-5T1 44 T 1.66 . 0653 29.794 44.730 90.35 3.56 22.2 5.0 
63-272 144 T 1.64 -0647 29.799 41,732 25.22 99 44.5 10.0 
U53-4T10 144 T 1.65 . 0650 29.784 11.726 10.13 40 66.7 15.0 
U63-617 294 T 1.64 -0646 29.BI5 11.738 80.34 3.16 26.7 6.0 
U63-2T! 294 T 1.65 0648 29.799 11.732 43.2) 1.70 35.6 8.0 
U63-1T2 294 T 1.63 .0643 29.761 VW.717 ++ ++ 
ub3-7T) 450 T 1.65 . 0561 29.804 11.734 94.69 3.73 35.6 4.0 
U63-6T9 450 F 1.65 - 0650 29.820 41.740 83.24 3.28 48.9 11.0 
163-4T5 450 T 1.66 1655 29.799 11.732 40.48 2.38 53.4 32.0 


* Ftlm ran out prior to failure. 


* No crack extension measurable due ta poor resolution on Téma film, 


Failure 
Load 

kN kip 

120.8 27.1 
161.2 36.3 
69.7 15.7 
112.5 25.3 
166.4 37.4 
91.4 20.5 
106.5 28.0 
121.0 27.2 
52.5 11.8 
99.2 22.3 
152.8 34.3 
62.7 14.1 
91.2 20.5 

++ 

86.5 19.5 
97.4 21.9 
116.1 26.1 


+ Crack resolutian near instability lost due ta excessive buckling out of the focal plane of the movfe camera. 


++ Specimen failed in the grips. 


Full Section 


MPa 


244.5 
331.4 


187.7 
248.2 


106.2 
202.6 
310.8 


128.2 
785.9 


175.6 
197.9 
234.2 


++ 


Fatiure Stress 


ksi 


35.5 
46.1 
AVG: 


Critical Stress 


Intensity, Ke 
yPaVm = oksiV/in 
62.6 57.0 
58.6 53.3 
60.6 §5.2 
* 
66.7 60.7 
cad 
66.7 60.7 
97.9 89.1 
+ 
% 
97.9 89.1 
tt 
atk 
we 
51.1 46.5 
wet 
+t 
51.1 46.5 
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Crack Extension, Aa, inch 


0 0.5 4.0 1.5 
140 
0 U63-2L11 120 
6 V63~1L3 
120 
100 
100 
80 
80 
Stress 
Intensity, 
MPa vin 60 


60 


40 
40 


20 20 





0 8.0 16.0 24.0 32.0 40.0 48.0 


Crack Extension, Aa, mm 


Thickness: 1.60 mm (.063 inch) 
Orientation: Longitudinal 


Temperature: 144°K (-200°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
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Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
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Crack Extension, Aa, mm 


Thickness: 1.60 mm (.063 inch) 
Orientation: Longitudinal 


Temperature: 298°K (70°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024.-T861 
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FIGURE C2-2 
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Crack Extension, 4a, inch 


0.5 1.0 1.8 






140 
o U63-6T7 1p 


120 
100 












100 
80 
80 
Stress Stress 
Intensity, Intensity, 
MPa vi 60 ksi Yin 
60 
40 
40 
20 
20 
0 
0 8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 1.60 mm (.063 inch) 
Orientation: Transverse 
Temperature: 298°K (70°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
FIGURE C2-3 
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Crack Extension, Aa, mm 
Thickness: 1.60 mm (.063 inch) 
Orientation: Longitudinal 
Temperature: 450°% (350°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2024-7861 
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Crack Extension, Aa, mm 
Thickness: 1.60 mm (.063 inch) 
Orientation: Transverse 
Temperature: 450°K (350°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
ee FIGURE (2-5 § 
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CRACK GROWTH RESISTANCE CURVE FOR 2024-7861 
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CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
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CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
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C-51 


MCOONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST 


2S79 


£602 *ANVAWOSD SIILNVNOELSY SYTDNOIG TVAZNNOQGIW 


TABLE C4-1. 
Fracture Toughness Test Data for 2024-1861 Specimens 


(3.18 am {.425 inch) Thick, Suckling unrestrained} 


Specimen Dimensions Precrack Precrack Failure Full Section Critical Stress Data 
Specimen Tempera- Orien- Thickness Width Length Load Load Failure Stress Intenstty, Ky Table figure 
Number ture {k) tation ™m in cm in mm in kN kip KN kip MPa ksi “Pavan ksiv/in No. No. 
U125-4L3 144 L . 3624 1275 29.832 11.745 89,23 3.51 44.5 40.0 109.4 24.6 113.3 16.4 * (4-2 C4-1 
125-52 144 t 3.22 - 1266 29.822 11.741 25.17 95 93.4 21.0 206.0 46.3 214.8 31.1 §5.3 50.3 Ca-3 C4-1 
U125-8L4 144 L 3,22 - 1269 29.832 44,745 9.86 39 146.8 33.0 273.6 61.5 284.5 41.3 67.1 61.6 4-4 4-1 
AVG: 61.2 56.0 
Ui25-6L4 294 i 43.25 - 1280 29.807 11.735 80.62 3.7 102.3 23.0 160.8 36.2 166.0 24.7 75.7 68.9 C4-5 CA-2 
UI25-6L3 294 i 3.22 «4267 29.830 11.744 = 40.56 1.60 84.5 19.6 195.7 44.0 203.9 29.6 63.5 57.8 C4-6 C4-2 
UN25-IL16 294 L 3.23 -4270 29.835 11.746 43.28 «52 133.4 30.0 315.8 70.9 327.7 47.5 75.7 72.8 (4-7 4-2 
AVG: 73.0 66.4 
8125-415 450 L 3.23 1272 29.830 14.744 99.29 3.91 75.6 17.0 199.7 44.9 207.3 30.1 Lai (4-8 4-4 
uy25-6L5 459 L 3.27 3287 29.815 11.738 83.34 3.28 97.9 22.0 243.5 54.7 249.3 36.2 wy ae halal 
vi25-3L1 450 L 3.20 -1261 29,802 11.733 64.01 2.52 124.6 28.0 262.9 59.1 2765.5 39.9 HSY c4-9 A-4 
U125-617 144 T 3.24 1277 29.820 11.740 88.98 3.50 x) a} 7.0 74.6 17.7 81.3 11.4 e baled ef 
U25-3T] 144 T 3.24 1275 29.855 11.753 25.20 .99 66.7 15.6 159.7 35.9 165.2 24.0 hal ae we 
U125~4Ti 144 F 3.24 1275 29.850 11.752 12.55 49 102.3 23.0 201.3 45.2 208.2 30.2 en bed o* 
U125-476 294 T 3.25 1278 29.909 31.775 82.27 3.24 66.7 15.0 107.5 24.2 114.1 16.1 47.4 43.1 CA-10 C4-3 
8125-271 294 T 3.27 3289 29.820 11.740 41.40 1.63 62.3 14.0 147.2 33.1 150.8 24.9 we ae fe 
Ut25-5T16 294 T 3,25 - 1280 29.845 17,250 12.47 49 106.8 24.0 243.8 54.8 251.3 36.4 = on he 
AVG: 47.4 43.1 
U125-6T2 450 T 3.25 -1280 =. 29.809 11.736 98.02 3.86 75.6 17.0 1a4.200 41.4 190.0 27.6 * C4-11 C4-5 
U125-11 450 T 3.23 -1273 29.827 11.743 69.37 2.73 84.5 19.0 213.3 48.6 223.2 32.1 98.6 8.8 C4-12 CA-5 
0125-674 450 T 3.25 -1278 29.809 11.736 53.16 2.09 57.8 13.0 238.9 $3.7 246.9 hs . ain C4-13 CA-5 
: 94.6 . 


* Crack resolution near instability lost due to excessive buckling out of the focal plane of the movie camera. 


** Crack extension not measurable due to poor resolutton on Yom fils, 
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Thickness: 3.18 mm (.125 inch) 
Orientation: Longitudinal 
Temperature: 144°K (-200°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
C-59 FIGURE C4-1 
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Crack Extension, Aa, mm 
Thickness: 3.18 mm (.125 inch) 
Orientation: Transverse 
Temperature: 298°K (70°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2024-7861 
C-61 FIGURE C4-3 
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Crack Extension, Aa, inch 





0 0.5 1.0 1.5 
140 
© 250-112 120 
a 250-2L3 
120 o 250=2L4 
100 
100 
80 
Stress a Stress 
Intensity, a sa 
MPa vin 
60 
40 
40 
20 
20 + 
0 fs) 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 6.36 mm (.250 inch) 
Orientation: Lonuitudinal 
Temperature: 144°K (-200°F) 
CRACK GROWTH RESISTANCE CURVE “OR 2024-T861 
C-77 FIGURE C5-] 
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Crack Extension, da, inch 


0 0.5 14.0 1.5 
140 
© 250-172 120 
250-3T1 
120 o 250-1T4 
100 
100 
80 
80 
Stress 
Intensity, 
' MPa vin 60 


60 


40 
40 


20 
20 











8.0 16.0 24.0 32.0 40.0 48.0 


Crack Extension, Aa, mm 


Thickness: 6.35 mm (.250 inch) 
Orientation: Transverse 


Temperature: 144°K (-200°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-T861 
C-78 
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intensity , 
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FIGURE C5-2 
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Crack Extension, Aa, inch 


0) 0.5 1.0 1.5 
140 
o 250-4L1 120 
6 250-3L4 
120 co 250-316 
100 
100 - 
80 
80 
Stress 
Intensity, 
MPa vm 60 
60 
40 
40 
20 


20 

















8.0 16.0 24.0 32.0 40.0 48.0 


Crack Extension, aa, mm 


Thickness. 6.35 mm (.250 inch) 


Orientation: Longitudinal 


Temperature: 298°K (70°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-7861 
C-79 
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FIGURE C5-3 
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Crack Extension, Aa, inch 





0 0.5 . 41.0 1. 
140 
°o 250-1T6 
6 250-2T7 
100 
Stress i Stress 
Intensity, Intensity, 
MPa vm ksi vin. 
60 
40 
20 
0 go. 160 24.0 32.0 40,0 48.0 
Crack Extension, Aa, mm 
Thickness: 6.35 mm (.250 inch) 
Orientation: Transverse 
Temperature: 298°K (70°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2024-1861 
C-80 FIGURE C5-4 
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Grack Extension, 4a, inch 





0 0.5 - 7.0 1.5 
140 
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120 0 250-3L8 
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80 
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Intensity, 
MPa vin 60 
60 
40 
40 
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8.0 16.0 24.0 32.0 40.0 48.0 


Crack Extension, Aa, mm 


Thickness: 6.35 mm (.250 inch) 
Orientation: Longitudinal 


Temperature: 450°K (350°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-7861 
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FIGURE C5-5 
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Crack Extension, 4a, inch 
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& 250-2T12 
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8.0 16.0 24.0 32.0 40.0 48.0 


Crack Extension, sa, mm 


Thickness: 6.35 mm (.250 inch) 


Orientation: Transverse 


Temperature: 450°K (350°F) 


CRACK GROWTH RESISTANCE CURVE FOR 2024-786} 
C-82 
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ksi “in 


FIGURE C5-6 
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SECTION C6. FRACTURE TOUGHNESS TEST DATA 
FOR 6.35 mm (.250 INCH) THICK 2124-T851 
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Specimen 
Number 


WW$+253-2 
2LF- 256-2 
$L5-259-1] 


2L2-253-2 
4L3-259-| 
1L2-256- 3 


212-253-1 
5L5-259-3 
2L3- 256-1 


2T?+253-4 
3T8-259-2 
5T2-256-3 


171-253-2 
178- 256-2 
3¥8- 259-3 


2T?-253-2 
273-256-2 
1T4-259-2 


Tempera- 
ture (kK) 


144 
144 
144 


294 
295 
298 


450 
450 
450 


144 
144 
144 


294 
294 
294 


450 
450 
450 


Orien- 
tation 


L 
L 
L 


eee 


ta Se os ion] 


4a 


Specimen Dimensions 


Thickness 
mm tn 
6.42 2526 
6.41 2524 
6.48 2550 
6.42 22529 
6.07 +2390 
6.40 «2520 
6.44 ~ 2534 
6.31 2483 
6.40 -2518 
6.37 «2507 
6.3) - 2484 
6.41 «2524 
6.34 2398 
6.43 2530 
6.36 2503 
6.38 +2514 
6.41 «2525 
6.36 «2503 


* Compliance gage slipped on knife edges. 


NS¥ Net section stress greater than 0.2 percent offset yield strength prior to fatiure. 


Width 


TABLE C6-1. 


Fracture Touyhness Test Data for 2124-1851 Specimens 


” 11.687 


11.696 
11,633 


12.691 
11.68) 
11.695 


11.705 
11.688 
11,655 


11,697 
11.716 
13.681 


11.696 
11.649 
11.4666 


{6.35 mm (.250 tach) thick) 


Precrack 
Length 

om in 

88.37 3.48 
44.55 3.75 
28.63 4.33 
89.03 3.50 
50.39 1.98 
28.09 1.11 
124.87 4.92 
99.95 3.98 
88.72 3.49 
89.08 3.53 
40.72 1.60 
24.2% 35 
a9.59 3.53 
29.68 1.13 
12.27 4B 
99.19 3.9) 
87.48 83,44 
76.73 3.02 


Precra 
Load 
kt 


Ck 
Kip 
37.0 


50.0 
69.0 


Fa 
«h 


332.5 
492.6 
618.3 


385.2 
451.5 
$32.7 


Ture 
Load 
Xip 


94.7 
104.0 


Full Section 
Failure Stress 


MPa 


174.3 
259.7 
321.4 


ksi MPaVin ksiV’In 
25.3 94.6 86.4 
37.7 86.0 78.3 
46.6 87.3 79.4 
AVG: 89.3 81.3 
29.3 100.0 91.0 
37.1 84,6 77.0 
40, 77.4 70.4 
AVG: 87.2 79.45 
27.8 NSY 
33.7 NSY 
34.0, * 
19.7 76.4 39.5 
27.2 $8.3 53.0 
33.2 56.7 51.6 
AVG: 63.1 58.0 
20.2 54.7 49.8 
31.3 52.9 48.2 
5 58.9 $3.6 
AVG: 55,5 50.5 
32.2 NSY 
32.5 NSY 
35.6 us¥ 


Critica] Stress 
Intensity Ke 


Data 
Table 
No, 

(6-2 
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TABLE C6-2 


CIMEN NUMBERS 
tT 
T 
R 
C 
4 


SPE 

Test T 
ECIMEN 
INS P 


K (MAX) DUR 


Load 


FULL SECTIGN 


ae 


MPA 


KIPS 
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FULL SECTION 


DELTA A 
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CRACK LENGTH 
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MOC E1153 
FRACTURE MECHANICS DATA FOR 
2004-T861 AND 2124~-T851 ens 
Crack Extension, da, inch 
0 0.5 1.9 1.5 
140 
5L5-259-1 120 
2L1-256~-2 
120 o 1L1-253-2 
100 
100 
80 
80 
Stress 
Intensity, 
Stress 60 
Intensity, 6 ksi Yin 
MPa vm 
40 
40 
20 20 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 6.35 mm (.250 inch) 
Orientation: Longitudinal 
Temperature: 144°K (-200°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-7851 
C-94 FIGURE C6-1 
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MDC E1153 
FRACTURE MECHANICS DATA FOR October 1974 
2024—T861 AND 2124-T851 
Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
140 
5T2-256-3 120 
3T8~-259-2 
120 0 2T7-253-4 
100 
100 
80 
80 
Stress 
Spree Pe Intensity, 
Intensity, ¢o ksi Yin 
MPa vm 
40 
40 
20 20 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 6.35 mm (.250 inch) 
Orientetion: Transverse 
Temperature: 144°K (-200°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-7851 
C-95 FIGURE C6-2 


MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST 


FINAL REPORT 





MOC E1153 
FRACTURE MECHANICS DATA FOR 
2024-T861 AND 2124-T85I October 1974 
Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
140 
°o =IL2~256-3 120 
6 4L3-259-1 
120 0 2L2-253-2 
100 
100 
80 
80 
: Stress 
ntensity, 
Stress : 
Intensity, 69 60 ksi /in 
MPa vin 
4 
40 0 
20 20 
0 0 
8.0 16.0 24.0 32.0 40.0 48,0 
Crack Extension, Aa, mm 
Thickness: 6.35 mm (.250 inch) 
Orientation: Longitudinal 
Temperature: 298°K (70°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-7851 
C-96 FIGURE C6-3 
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MOC E1153 
FRACTURE MECHANICS DATA FOR 
2024-T86) AND 2124-T85) ro 
Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
140 
3T8-259-3 120 
1T8-256-2 
120 o 1T1-253-2 
100 
100 
80 
80 
Stress 
Intensity 
Stress 5 
Intensity, ¢o 60 ksi Vin 
MPa vm 
40 
40 
20 20 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, .a, mm 
Thickness: 6.35 mm (.2'0 inch) 
Orientation: Transverse 
Temperature: 298°K (70°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-T851 
C-97 FIGURE C6-4 
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MDC E1153 
FRACTURE MECHANICS DATA FOR October 1974 
2024-7861 AND 2124-T851 
Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
140 
0 5L5-259-3 120 
& 2%,2-253-1 
120 
100 
100 
80 
80 
Stress 
Intensity, 
Stress 60 ksi Vin 
Intensity, 60 
MPa vin 
40 
40 
20 20 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 6.35 mm (.250 inch) 
ovientation: Longitudinal 
jemperature: 450°K (350°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-785) 
C-98 FIGURE C6-5 


MCOONNELL DOUGLAS ASTRONAUTICS COMPANY - easrTr 


FINAL REPORT 





MOC E1153 
FRACTURE MECHANICS DATA FOR October 1974 
2024-T861 AND 2124-T851 
Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
140 
o 1T4-259~2 120 
6 2T3-256-2 
120 o 6 2T7-253-2 
100 
100 
80 
80 
Stress 
Stress an Intensity, 
Intensity, 65 ksi vin” 
MPa vin 
40 
40 
20 20 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0) 
Crack Extension, Aa, mm 
Thickness: 6.35 mm (.250 inch) 
Orientation: Transverse 
Temperature: 450°K (350°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-7851 
C~-99 FIGURE C6-6 
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SECTION C7. FRACTURE TOUGHNESS TEST DATA 
FOR 11.43 mm (.450 INCH) THICK 2124-7851 


PRECEDING PAGE BLANK NOT FILMED 
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MOC E1153 
FRACTURE MECHANICS DATA FOR October 1974 
2024—-T861 AND 2124—Ta5i 
Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
140 
o 41L5-459-2 
6 411-456-2 120 
0 5L1-453-1 
120 
100 
100 
80 
80 
Stress 
= sa iatensity, 
ress F 
Intensity, 60 ksi Yin 
MPa vm 
40 
40 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 11.47 mm (.450 inch) 
Orientation: Longitudinal 
Temperature: 144°K (-200°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-7851 
c-114 FIGURE C7-1 
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Crack Extension, Aa, inch 













0 0.5 1.0 1.5 
140 
o 3T1-459-2 120 
6 5T9-459-2 
120 0 3T6-456-1 
300 
100 
80 ee 
80 
Stress 
Intensity, 
Stress 60 
Intensity, go ksi Yin 
MPa vn 
40 
40 
20 20 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 11.47 mm (.450 inch) 
Orientation: Transverse 
Temperature: 144°K (-200°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-T851 
C-115 FIGURE C7-2 
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FRACTURE MECHANICS DATA FOR hector 
2024-1861 AND 2124-T851 
Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
140 
© 41,5-456-1 120 
6 5L3-459~2 
120 0 4412-453-3 
100 
100 
80 
80 
Stress 
crete e Intensity, 
Intensity, 60 ksi vin’ 
MPa vm 
40 
40 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, da, mm 
Thickness: 11.47 mm (.450 inch) 
Orientation: Longitudinal 
Temperature: 298°K (70°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-T851 
C-116 FIGURE C7-3 
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MDC E1153 
FRACTURE MECHANICS DATA FOR 
o024=T861 AND 2124-T851 October 1974 
Crack Extension, 4a, inch 
0 0.5 1.0 1.5 
140 
© 3T7-459-1 120 
6 5T1~456-1 
120 0 2T2-453-2 
100 
100 
80 
80 
Stress 
Intensity 
Stress ‘ 
Intensity. ¢ 60 ksi vin, 
MPa vm : 
a 
40 
40 id 
20 20 
0 0 
8.0 16.0 24.0 32.0 40.0 48.0 
Crack Extension, da, mm 
Thickness: 117.47 mm (.450 inch) 
Orientation: Transverse 
Temperature: 298°K (70°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-7851 
C-117 FIGURE C7-4 
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MOC E1153 
FRACTURE MECHANICS DATA FOR ; 
2024-1861 AND 2124-T851 October 1974 
Crack Extension, Aa, inch 
0 0.5 1.0 1.5 
140 
9 411=-459-1 120 
® 4L9-453-1 
120 0 4L6~456-2 
100 
100 
80 
80 
Stress 
Intensity, 
Stress 60 
Intensity, ¢ ksi “in 
MPa vm 
40 
40 
20 20 
0 0 
8.0 16.0 . 24.0 32.0 40.0 48.0 
Crack Extension, Aa, mm 
Thickness: 11.47 mm (.450 inch) 
Orientation: Longitudinal 
Temperature: 450°K (350°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-7851 
C-118 FIGURE C7-5 
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MDC E1153 
FRACTURE MECHANICS DATA FOR 
2024-1861 AND 2124-T851 October 1974 
Crack Extenston, Ae, inch 
0 0.5 1.0 1.5 
140 
© 5T4-456-2 120 

6 17T5-459~1 

120 © 1T7-453-3 
100 4 
80 3 
Stress : 
Intensity, 3 
Stress 6 ; 
Intensitys 0 ksi Ain q 
MPa vm 
40 ; 
40 : 
20 20 : 
. 
0 0 ; 
8.0 16.0 24.0 32.0 40.0 48.0 3 
3 
Crack Extension, aa, mm 
i 
Thickness: 11.47 mm (.450 inch) ; 
Orientation: Transverse 
a 
Temperature: 450°K (350°F) 
CRACK GROWTH RESISTANCE CURVE FOR 2124-1851 : 
C-119 FIGURE C7~' 3 
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Appendix D 
CYCLIC FLAW GROWTH TEST DATA 


This appendix presents all the cyclic flaw growth test data generated under 
the program. Because of the great quantity of data, it is divided into sections 


according to alloy, specimen thickness, and test frequency as follows: 


Section Test Frequency Alloy Nominal Specimen 
cpm Thickness 
mm in 
DI 200 2024-T861 T.60 063 
D2 200 2024-T861 3.18 125 
D3 200 2024-T861 6.35 .250 
D4 20 2024-T861 6.35 .250 . 
2124-7851 
D5 200 2124-T851 6.35 .250 
D6 200 2124-T851 11.43 - 450 


The data in each section is presented in both graphical and tabular format. 
At the beginning of each section, a summary table is provided in order to correlate 
the tabulated specimen data with the appropriate graph. The data tables themselves 
consist of printed computer output in which the flaw growth rates are reported in 
modified scientific notation. That is, a flaw growth rate of .7634 x 10°79 mm/cycle 
is reported as .7634 E-3 mm/cycle, etc. The flaw growth rate (da/dN) and stress 
intensity (aK) data reported in the tables were obtained using the techniques 
described in Section 4.2.1. The data tables also designate which crack length/cycle 
number readings were obtained from 16mm motion picture film measurements; such data 
js preceded by the letter a aac 

D-1 
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SECTION D1 - - FLAW GROWTH RATE DATA 
FOR 1.60 mm (.063 INCH) THICK 2024-T861 


PRECEDING PAGE BLANK NO? FILMED 
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TABLE DI-1, SUMMARY OF SPECIMEN TEST CONDITIONS FOR 
200 CPM TESTS OF 1.60 mm (.063 INCH) 2024-1861 





Test Stress Constraint Test Specimen Data Figure 
Laie ctv Ratio Direction 1.D. Table No. No. 
°K es are ie 

144 (No) .05 Stiffened E 63-1L11 DI-2 DI-1(a) 
63-5L3 DI-3 Di-1(a) 

T 63-474 DI-4 D1-1(b) 

63-5T5 D-15 DI-1(b) 

.50 stiffened L 63-1L6 D1-6 p1-2(a) 

63-211 01-7 D1-2(a) 

T 63-5T10 D1-8 D1-2(b) 

63-6T4 DI-9 D1-2{b) 

.05 Unstiffened L U63-5L1 DI-10 D1-3(a) 

U63-4L3 DI-1) DI-3(a) 

T U63-5T9 D1-12 D1-3(b) 

U63-6T6 D1-13 D1-3(b) 

298 (Argon) .05 stiffened L 63-6L1 01-14 N1-4(a) 
63-219 DI-15—s D1-4(a) 

63-412 DI-16 = 1-4 (a) 

T 63-578 D1-17.—-D1-4(b) 

63-372 Di-18 p1-4(b) 

63-618 D1-19 01-4(b) 

.50 Stiffened L 63-2L6 Di-20 D1-5{a) 

63-1L13 DI-21 D1-5{a) 

63-2L10 01-22 D1-5(a) 
T 63-317 D1-23 es 

63-471 01-24 DI-5(b 

63-3711 01-25 D1-5(b) 

.05 Unsti ffened L U63-2L5 D1-26 D1-6(a) 
U63-2L2 D1-27 Di-fi(a) 
U63-1L4 01-28 D1-6(a) 
T U63-4T2 pi-29 «1-6 (b) 
63-578 D1-30 p16} 

63-473 01-31 D1-6(b 
U63-3T5 D1-32 D1-6(b) 
D-4 
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Test 
Temperature 
(°K) 


298 (Wet Air) 


422 


450 


478 


Stress 


—Ratio 


-05 


05 


-05 
-05 
05 


50 


05 


.05 
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Constraint 


Unstiffened 


Stiffened 


Unsti ffened 
Unsti ffened 
Stiffened 


Stiffened 


Unstiffened 


Stiffened 


Unstiffened 


(CONTINUED) 


Test 
Di 


D-5 


Specimen 


U63-2L12 
U63~3L1 
U63~2L13 
U63-5T2 
U63-5T6 
U63-3T3 


63~- 3L3 
63-2L7 


63-479 
63-574 


U63-4L1 
U63-5T3 


63-1L15 
63-6L4 


63-3712 
63-171 


63-1L] 
63-2L15 


63-477 
63-3719 


U63-3L4 
U63-1L9 


63-613 
U63-5T7 


63-1L8 
63-6L3 


63-476 
63-4712 


U63-1L5 
U63-4T8 


Di-33 
D1-34 
DI-35 
D1-36 
D1 -37 
D1-38 


D1-39 
D1-40 


D1-41 
D1-42 


D1-43 
D1-44 


D1-45 
01-46 


D1-47 
01-48 


D1-49 
DI-50 


D1-51 
D1-52 


D1-53 
D1~5¢ 


D1-55 
01-56 


01-57 
01-58 


DI-59 
01-60 


01-6] 
DI-62 
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Fiqure 
eNo. 


D1-A(a) 
D1-A(a) 
D1-6(a) 
D1-6 :) 
N1-A(b 
D1-6(b) 


D1-7(a) 
DI-7(a) 


D1-7(b) 
D1-7(b) 


DI-9(a) 
DI-10 


D1-7(a) 
DI-7(a) 


D1-7(b) 
DI-7(b) 


D1-8(a) 
N1-8(a) 


D1-R(b) 
D1-8(b) 


D1-9(a) 
DI-9(a) 


D1-9(b) 
D1-9(b) 


01-7 (a) 
DI-7(a) 


D1 -7 (b) 
DI-7(b) 


D1-9(a) 
bi-9(b) 
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serEInen THICKNESS | 1.66 4H £50838 fat 
aateba Stak +H 166.9 NEA (23.9 « i 
cyeigs 1ecEai toe ansiftetes 
mimax) 248 CYCLES R108 TO FAELUDES 32.42 HPA SQRTEM¢ 29023 ust SaMteiNe 
COACK LENGTH ELTACAD/OELTAIN ELTA SSTRESS Y 
hile I, Creves wn Bh tt? pet {WPbvere wk Baa STE aSTESaR be 
s ‘ 
he Sen eg 219068-02 -7505E-04 20.01 18622 
. 
een ae ie 23981€-02 +1802E-93 21.88 19,88 
iz F 
gs sae ase +S4G3E<G2 -2152€+03 23.3% 21626 
sess abe cage o84NSE%02 +3521€-03 24.68 22.82 
. Fs 
sips oo ae -9039E-02 ~3989E-03 26.18 23.03 
4 ‘ 
dency ek isan sa t7ae=08 -FOQCE-03 27.88 25.38 
é Fs 
age wee voce o3130E-014 ot 256E=02 29.89 26.93 
r F 
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TABLE D1-13 

SPECTEEN WUE! S618 | 

SPECIMEN ORTERFATIONS rei it : 

CONSTRAINS! UNS TIFFER : 

resp ftesemoet were : 

setts tantenar a sabretet SSF ; 

e neque ney i 29 RO 4 

Pact yi cYGLEs’ SRO ye eee et «54.60 WPA SQRTIMP 46.96 «se agev cine i 

“ tenet cyeues ans Renee ar OEE even moReSTRNGMFES RSTESGAT Lin ‘ 

Qos 74 ans «1300-02 s5416E=04 10.83 17.44 

Seeks “610 ar o2054E°02 +80766-08 19.65 10.07 : 

11.43 +450 1539 + 2761E-02 o1D87E°03 20.94 49.05 

1o.08 <éas iaée SGP 7E-D2 «1369E-03 21.98 19.97 " 

ive rags 3603 #4 3996902 si 72803 22.92 20.88 : 

14.58 613 seks -6599€~02 22595E-03 23.64 21.67 zs 
ieee ei? Seat s676BE-02 +2665E-93 26.70 22.48 

1ecte Suga scea 2 9267E-02 +3640E=03 25.61 23.33 

vaste ae sere 1157E-01 shS5ME*O3 26.56 Zhe? : 

i9n30 eres 3396 eU264E-08 .b856E03 27.55 25.07 : 
ca “Fan ay #19686 +02 »TTS0E-03 28.30 25.76 
5g caae sce »223€E-02 .0803E-03 25.15 26.53 
F 22.48 1865 2003 +2165E°02 »O526E-03 30.05 27.35 
é 35.37 a6 nee +2963E°0% s1167E-02 $0.68 27.92 
€ aes tt <a66 oage o3556€-01 s18Q0E-02 34.31 26.69 
7 26.78 ‘cas eee +6096E=04 +2HO0E~02 32045 29.25 
F 26.56 1.045 2983 2 SOLOEOs 1500E-92 32,93 29.97 
F 27.69 sid9a abas 25 7R5E-04 -225GE-02 33.57 30.55 
; ae76 cavaa oye +5O80E~01 +2009E-02 34029 31024 
- eae ae Sige sous .825SE-01 -3250E-02 35.47 32.04 
. 43786 cea i553 616516400 .65006-02 36.24 32.98 
F soca | Sey aaeh 1524E 400 s6000E~02 37,02 33.69 
F 3680 16370 3063 shOBSE 08 1000E-04 37-94 34.50 
F 36.70 akae a6én .36a2f600 .t500E=04 39.46 35.63 
F 39.62 1.580 3072 oF 3DSE400 e2B75E-02 60.67 37.0% 
F 46039 16590 sets »2S40E 000 +20006-08 Peery) 30.08 
. 42026 1.660 307? sAASNE +O SSOOE OL 42.66 38.77 
¢ e3eih L700 sara ot O16E 90% «8000E-G1 3.0? 39.56 
; aaa? ne sana 222866032 +9000E*02 eee 9 ho.&9 
¢ 4.50 ate a .2032E 002 0000-04 45.83 eae?t 
- ‘caivas fans faa 619956002 .7$008-01 67.06 42.83 
F 54456 2.530 sane e2US9E OE oASDOE-O4 4-34 43.99 
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TABLE DI-14 


SPECINEN MuyBea! 63-644 
aiioy tyera 2628-T063 
SPEC INEN ORZENTAT HH LONG ETUO ENB 
CONSTRAINTS STIFFENED 
FRYE GMRENE & ARGON 
Test tenBeearuees 392.0 8 
SPEGINEN THICKNESS: oG4 00 {29655 IM) 
MAXIMUM, STRESEE 7822 WPA (15.9 « B 
eypies rSreniitat! aogetticted | 
kimany —- 3 CYCLES"PRIGR TO FAKKURES 56.05 MPA SGRTIMDE 50.99 KET ORTETNES 
CRACK LENGTH ELTA CAISUELTALND EL TA¢STQESS INTENSITY 
eth I CYCLES HEE Ee eee oe te ctr meReRdRt Taree? Ret sane Cte 
1.35 1289 29001 pavieve : ica Paes 
fade ba cage aieiba Naa Ge name so 
eae nied seer caisee a praee 0s ee ti: 
oat at hands ‘soese 03 ei7se 05 12.30 1118 
3.70 382 #5080 : wa . sec .3 a 
suey enue pete unease presets ae : ea 
10.96 ht 53656 eee gi bead eo ae 
Binte 1087 mnes aise a caveat anes 12067 
12.36 oh B? 60591 peuee me pes Ye ee <acke 
12.9% +509 62686 eadeee } pina a a : Waiae 
Lseh2 ae bide siwhhe ; : 41e=0% cea ise 
eeeOt oad serene isetee r ‘ive - act sae 
ape Se aes een? wieene 03 i SuEo0% ink seis 
. = al . ry * 
15.16 «5d? 70264 
2449Z2E-D3 st TABE-1% 15.91 14.468 
pis eet 72168 G01 76-03 29898-04 16.29 14.82 
mee Ce som peu wen €-03 «16ere o4 16.62 ais 
17.35 603 74881 ° : “t is é ‘ eas 
- . eEw 
17.89 04 15762 genet be & > os as cea 
ae pits FT Ags ener: i . ives 35 
hased 2189 rere uses ‘isk as ee vase 
22.86 843 79E79 , s x ¥ 
-9276E-03 34526 -04 16.60 17.06 
emi ies paid: 1193€-02 W3S3E-06 19.29 17.56 
23.5% “949 az303 . wie ie syeec ne enay 
om ‘eee asaik e132 7E-02 bad 19. . 
2645+ a5 - ? 
Pore oe ao o426NE G2 aS6E~a% 20.4 14.63 
oh 736E-02 -EO3EE-084 21.04 19.16 
Bheee EeD Ey oreo! 1833€-02 7216E-04 21,61 19.67 
24.52 $423 65749 7 i : : 
eL9NSE-02 +PO1GESO4 22.16 20.87 
es tur ages? 2t1 M2 83216 +04 2267h 25.69 
31031 16233 avat2z . . . - 
«22298 -02 sATPPESOh 23,28 22.18 
yee} tceat arse) 27456 62 t081€-03 23,01 24.67 
33.95 1.337 68175 . ‘ ; . 
2 SCOLE“52 »tZ16E-03 23,37 22.16 
test nies neers 2atne-02 L157E-03 24.92 22.68 
Bha7t 1.4es 89093 3 = : i 
s3S47E52 «1396E-03 25.82 23.63 
rea 1.588 a9Ka2 Nestea aac o Sia 
ose ew nies aati o2 ‘eee O38 feu sa 
eed ade seeet tenie az svaaie ot aaah ae 
42,08 1.657 ao? ‘; 5 rt . 
shGQGE=92 +1029€-03 27.60 25,32 
Wage? saP42 90911 
7656-02 s1AP6E-03 20.41 25.50 
oe. 68 1.759 91161 
«51998 -02 +2031€-03 20.5? 26.90 
32.08 pons Bad $0806-02 200-03 29.08 2b.m? 
47626 1.661 91666 ; Ss : = 
sS9MVEoR2 +2355€-03 29.65 28.98 
sete ate stat Sa2ee-02 2293E+03 30,24 27,49 
50.10 1.972 92146 . : . 7 
+ba25E-22 .2533£-03 30.72 27% 
whee? sees 2132 TOPLE-02 5 PBeE-D3 32.23 25,42 
meee eet yebee serase a2 sauek 03 scr 24.00 
ster eas pieces seit ; ofaat Os 3,44 ae 
54.93 24162 92033 : . i . 
ae Se gisie 165268 -92 .35S3E-03 32.70 29.76 
Sais says are s9SASE-02 sSTP2E093 33.2? 33.27 
7 = «G2016-22 -3229E-03 53,88 13.60 
59.05 2.325 9350s 2 
o2LASE G2 s322%8-63 38,30 31.29 
ase? 2,373 03453 
s805S0°34 shOaSE-03 34,89 41475 
bie 2.819 9356? 
sLEB2b-01 +4654E-03 35.83 32.28 
eer Ty 2.0% 93685 
nore pois Syeas U1Sce-o4 s6527€-03 36.01 $2.97 
: i sU973E-01 +5006E-03 16,68 33.35 
65.73 2.588 93948 
sL2s7E-s1 +$909£-039 97.32 31.96 
n7.t8 2.645 9a030 
st90KE~04 +B93PE-05 38.90 34.58 
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~anwnawFRroeaAAnAnhwwy 


aA AAA DHT 


66.73 
7oste 
71.56 
72.66 
Feld 
75.30 
79.63 
60.90 
82.68 
44.33 
65.98 
40.01 
69.45 
91.82 
96.23 
W512 


2.706 
2.76% 
2817 
20861 
20916 
2.96h 
3.235 
3.285 
3.255 
3.120 
3.385 
3.485 
3.510 
3.615 
3.780 
3.765 


KAHAXD 


CRACK LENGTH 
Lala) tN 


G62 
be2i 
094 
Tate 
8.62 
Daik 
16.48 
41.20 
12.20 
t2.91 
Vi.?? 
Lh, Ph 
16.26 
a7e6hd 
24.69 
16.47 
zoek 
fh 
23688 
25.50 
27.35 
24600 
13.95 
$2.66 
feeble 
357s 
T7.65 
$9.32 
Gieie 
42.69 
ee? 
65.97 
aPare 
49,02 
90.93 
52063 


ead 
eee 
2272 
2305 
2339 
+360 
oOG1 
37 
«460 
568 
She 
584 
+656 
GP 
oFL2 
aT oP? 
oA 
ABS 
Od? 
1.50u 
1.37? 
L.ba2 
4.218 
1.786 
t.339 
Lee? 
L4A2 
L548 
1-618 
t.573 
teo735 
fakid 
1.875 
4.959 
24408 
2,399 
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auseu s15686-64 26093E-93 38.67 35.20 
aaaee eL453E-02 -5P19E-03 39,33 35.80 
s15R9E +0 «6099E-053 39.93 36034 
oead e2A71E-01 + 6588E-03 40.82 36.07 
peas oRST EOL s97aE-D3 1.%6 37646 
+250KE<04 + FB58E~03 42.56 36.75 
ba s25R0E=03 .1000€-02 46.05 40.89 
eutas »3556E-04 s4R00E-02 he 88 4.8% 
ead -S312E-u1 +2 300E-02 45.83 atett 
aiaay o390ZE-04 +1 30NE-02 86.76 62.57 
eWD64E=02 +1600E-02 47,80 63.5? 
pee «3266€-02 +4206€-02 48.85 AbeKb 
neat s2OZ6E 40S +4 b38E-02 $0.06 45.56 
«60326400 »2375E-04 $4.76 47.10 
aoc: 1O890E 006 +3500E-68 52.91 86.15 
TABLE 01-15 
secciwen osftdtat ast cond teteeat 
chaiatiait alive 
GEV IR OMNENT GON 
+ SPEEINEN TUTRENESES -S1. 4K bye . 
SAM TRUK Sere see as bP BE (2983? i 
FReQuencyé zoo tén 
s cvcces SHOE FO FATEURES — oe.ne wpa santemne 60.59 Kae SamPe Ne? 
evens nwsRGREEE vce aR HATES ARTESEAT on 
ae o34256-03 s1230E-04 15.44 44.03 
ans «37G9E-03 +2404E-98 $6.26 16.78 
aoe sh270E-93 +1681E-04 17.4? 15.62 
ee -6669E-03 126266 +04 10.46 16.51 
+6265E=03 e3254E "06 £4.91 17.24 
ads -Oa02E=03 o3HbSE~O% 19.73 17.98 
eee +1 hene-02 o57O2E<0% 20.72 £6.86 
sone stb bE -02 »S566E~D4 22.70 19.7% 
teens o3368E-02 +5 388E-0% 22.56 23.54 
abe »22026-02 sAGPIE-DS 23.28 22.15 
+2203€-02 «SG75E-0% 26.05 21.89 
t1e2s +2640E~D2 «1039€-63 25.08 22.79 
ee «2622E-02 s1032E-03 26,00 23.66 
pate + 3SL0E-02 st30TE-3 26.80 24.39 
ae «2236-02 +1663E-03 27.52 25.05 
242098202 +1657E +08 20.37 25.82 
43323 151186962 12916E=93 29.488 26.83 
ei 2 54316-02 +21 386-03 30, 74 27.98 
haces sS906E-67 123258-03 1,98 24.88 
ieere »P2F1e-02 266 3¢-03 33,20 3O.24 
2852 bE “92 s3SPHE“GI $4.34 $1028 
ey oBBSKE-£2 «3H98E-01 15.56 32.36 
Se sALGTE-01 +ebO 99S 36.75 it. ae 
ies sUBhOF=Ct ehSHtEe08 7.7% Sheth 
et WASE-UE »5O29E-03 36.72 35.26 
wie st2QGE=04 shOLWE=a3 39.06 34e28 
Thais stSTRE=Ot +6198E +03 40.98 37. 3t 
15€6% 0262 3G -21 +7 BHE-GS h2.06 34,28 
safes eLPALE~O8 sPOLIECC 4 43.05 39047 
ace 23988 -08 -96S9E-03 43,97 &5.02 
share ePP23E bd LOPE -92 45.06 bie ol 
isaes e2ISIE D4 +F2K6E OS abath weds 
‘eaan s232Nb G4 +F167E-33 u7et2 42,48 
asei eSBUTE 94 +1590E=02 46.15 43.az 
eee sTVOL3E-O4 +1500 -02 aa.46 oe .92 PAGE is 
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S4o1t 
55.37 
$7.28 
50.67 
6.58 
1.65 
43.12 
bebe 
66.00 
66.65 
69.98 
72.26 


BADRARBAAAAARA 


m LENGTH 
geac 4 Th 


3,62 
ed 
a.33 
5.72 
Geet 
6.41 
7.60 
6.39 
9.6? 
9.70 
10.86 
£1.25 
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45 abb 
46.58 
7.5% 
eed 
a9669 
$0245 
$1.23 
G2058 
53,27 
54.50 
55054 
56,82 


ray + 2a 
omar 


~azwe= RZ eN 


Ee Uns 
mn DOME 


S865 TENET be 


DI-15 (CON'T.) 
ais sai 23475€-01 1256-02 50.37 
Dciae dias 23629E-02 -£4298-02 51.48 
2.258 gage oPG2JE~04 »3005E-62 $2024 
e400 saay «55A6E-01 22209802 $3.29 
2.345 46388 «9525E°02 s3759E-02 54.38 
Scag susue oB467E*01 s3333E-02 55th 
2.685 16287 oB667E“01 oe 3333E-02 56.3¢ 
aidan iia 25266006 *5OU0E-02 67.25 
Sean iese3 17996000 7083-02 58.5% 
21408 Sass #1834E +00 o7222E-02 59.09 
2.755 rer e2277E 900 sO571E-02 64.03 
20845 18327 oFOL9E OC «1500-01 Boe tele 
TABLE D1-16 
Sree ty WHEE att 
speconen OWIEBHAL aH wall 
or, fetatantoee: 

sweeten uneste at 2ebe HPA a: 

‘catgut it 

<cumaxd 218 CYCLES cece a 8 Faltue H 68.45 ROR SORTING “3,77 «st The 

cvcues ee tee ae vcce wer gba iar 
obs : o8OSRE-O2 sT80SE~04 25.4% 
sas ues »42968-02 12986=03 28.0¢ 
oh aes ohGZ4E “OF +8O216-03 30,03 
sacs oe 2 3801€-02 o2339E-03 34.86 
cataed 208 aOCINE=02 22399E-08 33.36 
sete 378 oO60KE-02 »2000€-G3 34.09 
baad ite o1295€<64 +h3NQE-03 36,61 
mld pad 1990 7E-02 + 39088 -03 38.29 
oot bagi 2906 26-02 .3083E-68 39.95 
#308 se sAS27E-0L +6010E-05 bi az 
—s erie 245276993 «$9393E-03 a3.0¢ 
anes aide eSL94E-04 +4 2568-02 ae, 75 
oh82 2 


12.28 
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4 
4 
3 
a 
3 
3 
4 


TABLE Di-17 





SPECINEN NUMBERE 63-578 3 
SPECIMEN ORLERTAT Tout ridasvense F 
caviaoateat ait 
St_ TEMPERATURE? 303.2 
sad mT rASyeh HEEL 
aonarics ‘ 3 38 
execs 1e"Faituae! gous btctes 
ximaxy 51 cvcves"BStGe 78 ERELUREL — wa.o3 wpa samtanve 37.36 KS SURTENTS 
BREE SEM crcueg an sBRRIEAN/PENHCMtycue wo BRERFTRIESS ESTESEEF Tn 
aaas pene seee sPOTTE$0% «27866495 24.10 19.10 
ene er uate o2459€-03 +4529€-05 11.7 10.66 5: 
tacee Sans seus s1050E-03 6136605 i2eat 42.29 j 
sei ene aback »2965E-03 +1168E-04% 12.92 12.76 4 
ae yer viecs -1506€-03 »5930E-05 43.27 12.07 j 
eae aa Hake «22436493 18082245 13.63 12644 F 
cas (ae want .3029E-03 .1192€-04 16.06 12,7? & 
a 5s ates s2162E-03 eASLIE-05 18.45 13035 3 
ae “sek cnaed +337 0-03 +L3ZPE*0% 14.ar 13.54 i 
peas as? sees +3045E-D3 11502E-0% ae 13,95 3 
se D7BE-33 +$60GE*94 15.74 44,24 3 
ee pe ea +482 3€-03 +1899E-06 16.03 14.59 : 
oan ee acts +S2616-03 +2979E-14 16.46 44.92 8 
eee ne Cee »5712E-03 +2249E-0% 16.02 15.36 3 
cave a7931E-03 3122E-04 A7.2t 15.66 3 
ee whe, ale «8065E=93 s3275E-06 17.76 16.16 i 
5) wags ryiee 210926 -02 se300E-08 16.63 16.78 f 
eevee aie sats sSALRE-62 +4305-64 49.03 17.32 ‘§ 
singe ba ass +$S564E-02 16 156E-9% £9.66 47.89 5 
SoG ae sees a2?PZ7E-22 +bBOLE+O% 20.3¢ 18,68 a 
Recut Leone 64199 o1880E-02 ePHOZE=0G 20.92 19,06 a 
ance8 ccs saacs 2192-02 10629E-36 24.56 19,62 3 
ets se ink e2777E=62 +10936-99 22.14 23.19 : 
ibses re issis 32796 -62 s12916-03 22.79 2307 : 
cies ayn sash: s3GRN8E-62 +1452E-03 23,43 21.32 cy 
5K sae sage sePBHEWI2 s$A72E-05 24.09 21.93 : 
6.7% Lear 64076 s37S9F S02 otAANE-G3 24.71 22.49 . 
wags aay cil +687 5E<02 .2568E~0 5 28.29 23.52 
cds Sea vaene ~5InJE-G2 2 2O1E- 04 25,90 23,57 
ata wait eas +6929€-02 .272RE-O8 26.51 20.12 
es john seas eBBLGE ad? .?76836-03 27. 26.64 . 
a ae sciva oTTAME G2 s3OME-03 27.64 24.12 
cane eae cones 3976 PE 82 TAH LE=33 26681 25.58 s 
en mare tceue 83758 -02 eV297EoG 4 28.63 2h. 16 : 
ae ane eens AAP 1E-64 +h609R-03 29.18 26.56 : 
See cabs saree 98798 02 LSPNZE 03 29.75 27.68 i 
sine Sage iueae 12558 -58 Oe 30,39 27.58 
Leche apars esas {5396-61 +hOSBE-08 30.97 23.49 
ane nae Sanne s2IBIEMES sA5A5E-03 S4.h8 2a.ag 
ee ae aaa +2209b-01 LABQSE=33 32038 24.42 
eines ane ark +1909E-01 751 PE-03 32.9% 24.97 
59.48 2424 eee79 or ares aTPPaE gd 33.52 33 8e 
ee rae aay odh3et wad 2582-03 e.48 $1.07 
2008 eau Perr a RGAE Aad + 1O51E-+92 Sue Ph Vishe : 
vioke ake sic sSheehh-s, 1 I67E=00 15.36 $2.40 : 
65,74 2.498 tened eS FRE CT »1495tl+Or7 $6.16 37641 
atett a2ka8 sean GPP HML2 se hAIE CT $7.01 TTL 6A 
haces See Sissi oe Od7E OL 1 BS7ESD? 37.70 sue ; 
ware ae sesi6 sGBAaE aot 22 ITPESC? yA.za tem. 
19.29 2.6? tases sStGet-ct 2 TNGE 027 36.86 35.43 
ne outs sane -55426-a1 .24706-02 36.85 35.1% } 
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TABLE D1-18 


srctne olf aed, 

rest Yenpeearunes 302.6. K 

SPEC INEM Tht sf ' £1.63 KM tsgees In} 

wax ti at 116.6 NPR (1 cate 5 

KIMAN} §=6296 LfCLES OR IOR Hs raitueee 36.95 MPA SQRTCHD 335,64 el*3egti5 ; 


CRACK LENGTH 
nat IN 


560 
6.33 
7.03 
8,26 
9.20 
10019 
11.39 
412.39 
i3,i2 
13.72 
th.63 
15.60 
16.63 
174?6 
18.76 
19,7? 
71.46 
23.25 
Zhe 7h 
26s1k 
27.88 
29246 


e228 
4269 
e277 
0326 
+362 
«AOL 
2hO8 
3488 
+52? 
+540 
2576 
e618 
663 
2699 
+736 
«7?6 
Abs 
926 
6975 
1.024 
1.558 
£.t6¢ 


cy 
wIMANT 60 CYCLES P 


COACK LENGTH 
wr 1N 
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o b92GE-02 .19388-83 21.48 13,43 
obas7e-e2 o2900E-03 22.31 FY ry 
«84915 -b2 e23300-03 22.78 20" 
50828 -02 s2973E-03 23.18 21.09 
«65676 =82 a27e3e~as 23.%% 21.00 
50556 -02 2230S€~03 23.% 21.76 
+ 92298 -b2 o3633€-83 24.45 22.25 
+b IS0E p72 stPibe-as 23.08 22.79 
sh630E 82 o3800E-03 79.68 23.38 
82 70E-04 -$O00E~08 20.93 20,26 
A Leer o390ce-e3 27.38 24.48 
o2ON2E-04 2508-83 ease 29.95 
oA S3IE-G4 .5250e-03 29.03 24.7 
1016804 ohO00E~O3 30.06 27.05 
ak27DE-08 ATO oy 30.67 27001 
o000st~o1 otsete-e3 34.26 £0.68 
«3008-03 o18tee-ae 92.82 24.38 
oS00VE-41 h20Ge-02 32.59 24.66 
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D1-49 (CON'T.) 


ates pai —. <Anvet~at .Tasve-03 33.08 50.68 
‘ isan ee nea 0 5260E~04 oh2beeeG 33.75 30.72 
¢ aFae ie varie oBsreeoes o18500-82 34.61 31-40 
5 oe pte Ps 148 saive o23e0R~04 9678-03 38.36 3808 
. ‘ a ‘“‘ ‘ aid diese oBB2E~84 o8208t-82 36089 32093 
; ai: ‘ can oaana o27eae-as s11008-82 37.18 33,78 
‘ i ai ae is vakea o2206E-0% oO0NNE-03 37.0 30530 
4 sees ; sh fetes oPezet~os obneet~e2 80.23 30.79 
A ; ee 1; oe eiaag s0005E084 eB790E-82 10. 33.38 
= : = 34,66 
‘ Gi ce 5 cas soles o3ssereae 1000E-04 39.62 
TABLE 01-50 
sPect H 
specnta H onff 
7 f : ae 
olla teats ohhh 1th 
ee H mt 
? 
nenany 3 creacs’BREOR 40 it ; ewer staess creaven taka bed Pte 


gaace vent ereuey wns Btb Ee PETA Ca ee ieee et TL 





a : Aa cies o38088-03 1 tb-06 10020 9.87 
Gis “are arc o3P2Ptosa ot 0PEsae tet s0oa8 
Hp a. Lae s8arag-es 021088588 t10% 10.88 
5 a6 ee pie s0ve0e-23 ROTIE-08 12.98 11.76 
Hehe fee pets Gb31E-63 o3BR0E-08 43.97 40,93 
‘a5 ie vans »10058-82 h272E 06 18.49 £2.19 
fen hice oage 19628262 +7 P2CE-O% 4.44 £3077 
aca te his sPa9oa2 sOO216-6% 15.92 4.56 
aan peed aaa .297ee-az 1939880-08 16.32 48.05 
et ae ian a8yiet-g2 oS476e-88 16. 19.09 
ich cae sak #2330862 9900E 8h 1706 16.07 
en en wee eAdeeron? oP799C<8 18,28 10,64 
ate ie cals 4700-02 4084t-83 38,68 tote 
es me atei oe257E~42 1ereceas 19.82 aro? 
neg au hie a8980E~02 s19860-03 19.4% 16015 
cae ps acc o3ecse-92 1099-02 20.485 10.61 
sii aug ‘dane eenere-oz oAP99Ce03 20.96 49,6? 
eae ia aia oeeete-ez ot0450-83 22.85 49.52 
as oe ‘aus sesuseoar t790e-93 21.88 10.98 
are ia pears oP 32NE 82 oRanat~as 22.39 zeae 
aaa pee setae o21te 82 s200SE-03 22.0 20.92 
cayee sii casei o0O28E=02 oA950E-03 23.88 24.18 
reniets eee seaa’ oAuret-c2 o2938b-05 21,67 ttt 
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geacK LENGTY 


wel otFi 
feud o20h 
5692 +233 
7.0? 274 
7.98 oThs 
4099 +3 5h 
16004 +397 
1te33 ehh 
12,33 48h 
23.3% 2823 
14225 oft 
15,43 +617 
1623? aAes 
L7.EF shoe 
28,24 o7ts 
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Seb 
6.68 
Pek? 
6528 
Syke 
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GreLes 
1 


ars 
ised 
2029 
2321 
2567 
eras 
29486 
119 
32th 
3264 
3356 
3494 


So7t 
34AS 


TABLE D1-11 


ms 
ZzD2M 
FO OLN AIT an OT ID 
phphlton tot tpi ins. pirang 


oO 
yi 
le 
bal i 
e 
Ee 
iz 
F 


wn BERLE A? 


oBOKKEMD 
oL337E-62 
o210eE 992 
oS118e-62 
eTPITE@C2 
sS357E*02 
sHhO9E=32 
72956202 
ACHE OT 
e12AGE “ut 
sA733E=64 
oUO27E=01 
o1995E~94 


ob 3638-01 


SPECIMEN KY 
SPECINEN onyeatat (et 
a 
mt 
maith SE 
FR ENCYS 
oygyes 18 ERiLgReE 
CYCLES Pv) tat hehe 
546 21906E-02 
746 9 3561E-02 
432 oShG3E+52 
taza o4GeSE-g2 
1356 aFQT9E-52 
1zee ai 778E-91 
1265 e SL JOE“8t 
D-11 


peer es peycee 


e3496E-04 
+S 263E-04 
eO285E=-0% 
of 22BE-03 
ethBTEodS 
o2199E~83 
a2523E-63 
+2072E=03 
oH 2326-83 
5 I54E-03 
o682KE-03 
«7ASHE-O3 
sTOSTE<93 


1 718E-G2 


65. 6H 
art 


woRFQERt TA’ ®® ARTESERT UE 


19.56 17.48 
24035 1926 
22.96 20.90 
26.73 22456 
26.26 23.96 
27.06 25.36 
29.56 26.66 
34.68 20.25 
WM 29.83 
33.57 30055 
34.07 34073 
36.83 32,06 
57.40 34,33 
38.45 34.99 

aid 
TRAWEYER 
olde 

witaG 

4066.4K t.9b8$" 

16403 APA HS bt « 


bie sekcaaseiine ea waa RED 


aah CAT ts 


o7SOSE“D4 
o2eO2E-85 
o225iE~O9 
eSS22E-03 
SS59E-03 
sTQ00E-03 
a1236E-82 


wok SORETRIE®® RSTPYEAT En 


20.01 
21004 
23.3% 
2hobe 
26016 
27, bh 
29.59 
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TABLE D1-13 
SPECTYEN wit salt 
‘ov.t 
SPECIMEN of al a oii i 

spe syefeenee toes 065.4" afd 

Fino, Stat 1 abit 2% 4 

cannes 16°F OH ante? 

kanany 4. CYCLES PRIOR 19 ERTLURES © 5a.60 HPA SORTCHDC 46.96 wskSdnt eines 

eer creueg ARETE TERrcue we UAE BERET 

ap ek cas oA300E-02 oSAtGE“O 48,03 17th 
vite Ga an o2O51E-02 -6O76E-0% $9.65 40.0? 
siaks aes pe 22761802 s1087E-03 20.94 19.95 
eae as ess «3478-02 «: 1e9E-03 24.98 £9.97 
is vas cae) 64399E-02 A72HE=03 22692 20.66 
faces en ne 6599802 12595E-03 23.04 2406? 
nae as sige +6768E-02 «2665£-93 24.78 22enB 
a “(ik Sea -9267E-02 o36b8E-03 25.61 2388 
racee pe sexe o457E=04 +455KE-03 26.56 Zest? 
ja ay Wa ee at2eae-04 s489GE~O3 27.55 25007 
Sera ae aie s1968E-01 +7 750E-03 28.30 29.75 
ks pane ie 2 223€E=01 .8803E-03 29.15 26.53 
P ce ain stat s2465E-04 s0526E-63 30.05 27.35 
. ache ie sais e2963E-D4 o1467E=02 30.68 27.92 
f cave pee Suni sT58GE=04 s18Q0E-02 Stet 20.49 
i secs aie shes +6096E-01 +2@4N0E-02 32.15 29.25 
A aes aia sans o3B10E=04 s1508E-02 32.93 29.97 
; oaea ee scat @5745E-01 2250E-62 33,57 30.55 
> vant pas saa 5080604 +2000E-02 3429 Shoat 
é page ae Abia 82558201 232506 -02 35.47 3B04 
Ts aa ees 016516400 -65066-02 36.26 32.98 
. ach oat sani s1524Er00 16000E-02 37,02 33.69 
‘ ea mee aie 406K 200 eA 609E=04 37094 34.50 
F pe aieue secs o38L1E000 »t500E=04 39.16 35.63 
: Satis Sookie sabe 73026000 e2BPGE+OL 40.67 37004 
F 60089 4.540 3075 o2550E 900 s1000E-02 oae6t 38.05 
F e216 1.660 3077 ahasoeedD e3500E-04 42.68 yar? 
7 ae oe Suds et0AGE 004 oe DO0E=02 b3047 39.56 
f Seu? 1.790 3074 o2286E C01 9Q0GE-0% 4behd 40649 
Botea cane an 920326004 sOQ00E=D% 45.83 tet 
F 69040 £1945 sant s2995E 062 +P500E-02 47,06 42.83 
f 1056 ese aus 2159008 sA500E-04 As 3% 43,49 
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TABLE D1-14 

: SPECINEN NUMBERS G3-GL1 

mvoy yyece 2020-1864 

SPECIMEN ORTENTATION eer ta 

reer FU ch MENTE Res 

SPEEIREN THTGEUE SEE 6h MH ¢ gaat} 1 

cry Trt, Sak 4 rasS'ube fs885 all 

FREQUENCYS 290 | 

Kenan) 3 CYCLES aba # Fartunes $6.03 MPA SQRTIMD( 56.99 Prete tainty 

aa aeae |» cycts 5 Pry) tit chbahededeieh CYL ATS PR eaR Eanes? RSE C SORT TEND 
eee aie Sates e937 2E-Su +3650E-05 11.07 10.07 
hea? 133% 33977 oP LC2E-Gh 22 796E-05 11.6? 11.66 
ae Saae aeiaa eE154E 03 +4560E05 £1.89 10.82 
9078 ‘eas cugas 010616203 o4175E=05 22.30 44019 
Lie3? hes AGhe1 ef S36E-GF eh947E-85 12.71 42.57 
setae “saa asist o23991E-03 154 78E-05 13.41 1.693 
‘se eas Kosse s1958E-03 o7708E=05 13.50 12.28 
12.38 oh 8? £0594 oZh36E~03 +BUN8E-05 43,92 42.67 
ios aa “gee Ssain 2244 0E=03 29608E-85 1%. 3C 15.02 
ee "aaa acaue -2227E-03 sAPHPE=05 14,60 £5629 
at ne wcaué .3407E-03 1 3418-06 £6.90 13.56 
gs ate Sanis o 3019803 +1489E~06 15.23 13.66 
15,46 -657 recs +3694E-03 oLbSKE“Os 13.54 14.15 
tet eit peda o4G92E=03 ot THNEo oh 18.91 ib td 
ree “age ee +601 76-03 +2 369E 906 16.29 14.82 
ieee sags mean o4284E D3 o1GBPEWD4 16.62 45.13 
‘Pike sau cave eO2BKE=03 s24THE8H 16.95 15.42 
taxon 345 Seas +6428E-03 s2G09E-04 17.30 £54? 
ss aes shine »7355£-03 o2O9SE-06 17.63 16.25 
mares “aid ate s7659E-03 o3016E-06 48.09 16.46 
aca cage wines o9276E-03 .3652E-04 18.68 17.00 
aes eae pasce o1103E-02 o43G3E=-04 $9029 37656 
Suieu eat Racik o£ 3476-62 +5LO7E=04 19.96 16.41 
sia in Kesee s$2B4E G2 +5056E<04 20.4? 10.63 
apes ‘aes ganey +4 736£-02 sBAS6E-0% 24.04 19016 
aces Ee istua e1833E-02 7 Z1GE~Dw 21.61 19.67 
Sava Scary sauce eLONSE~O2 sPRist-26 2216 26.47 
343 10233 e742 e2hi 38-02 eBIZLE-O% 7207h 25.69 
ee aan eau’ +22298-02 sAPIVE=04 23.2n 21.18 
3306 Saar aenis o27H5E=62 oLOALE-03 23.84 24,67 
cates ees inate sSCB4ER32 ot2teE~03 24.37 22.48 
See sce adel o2938E-02 ebtSPE-03 26.92 22.68 
Sys vise Sakis o3Se2E~92 s2396E-03 25.42 23613 
a ieee hai o3424E-02 oL36HE-03 25-93 23,66 
ee eae saan eSALLE=02 o4225E~03 26.49 Zio tt 
a ee aie 4295602 s16916-04 27.54 24.6% 
cae ‘oie anid +h6RGE-02 #1629E-03 27.60 25.32 
ices \Fe5 witha oh 2658-02 s1A76E=03 26.21 25.58 
tea ‘cies cae +$189E-62 +2031E83 28.57 26.00 
Micae eaee acdc +5080E~02 +2n0ee-03 29.08 26.47 
a:96 eoag saa o59B1E-02 +23SSE-03 29.65 26.98 
ssa wend stick »5O24E-02 +2293€-03 30.24 2749 
ete ae Soaee eO425E-52 +2539C-03 30.72 27.96 
ents ee Scak sPOPLE-02 +278KE~93 Wezs 28.42 
ee Ge ele seics oT PBSE-02 -30GKE-08 31.72 20.87 
eesas SEs aay oP OSKE=02 s27696-03 $2.19 29229 
sic as pata -OS16E-02 o3883E-03 32.79 249076 
che acaee pea -95806-02 +S772E-03 33.2? 30.2? 
ena rene waake +62018-02 +32296-03 33,04 33.80 
5.2 afa35 waa sO18SE-02 s222te-t5 The 38 341.29 
aan Ape wages oS033E~32 »4066E-03 36.89 34075 
éacak a Gi ‘saeas stthZE-04 +hOS3E-03 35.03 32.25 
‘ik aides eeap +$150€-01 shS27E~03 36,01 32,77 
ees pets aséxk eA3PIE-04 +5406E=63 36.646 33.35 
lee eiie ee 1 2676-01 +4999E-03 37.32 33.56 
s1506E-0% sS937E+03 38.00 $4.58 
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687 ? 
; a : ae pea o1SeSE-58 +6093E-03 38.67 35.20 
sinks a Gis Seaes eLASSESOL -3719£093 39.33 35.80 
aah See eed oAS5Q9E=01 +6099E-03 39.93 36.36 
- 
yiscs santé aie s24718-04 sO5e0E=03 40.52 36.87 
ie eee aunar o2uPuE=-04 19P4DE=03 4046 37.46 
s pace eve ee 2800-04 -9858E°03 42.50 30,75 
7 gee apes saree o25H0E=04 »10008-02 44085 40.99 
. sates ieee sites o3556E-01 s1hOdE-02 Ae, ae at. ah 
‘ ace ais ease e3392E-y1 +1 300E=02 4$.03 wiert 
‘ cies atie eases o3302€-01 s1300€-02 v7) 42.5? 
é sis acs hs a6 0649S o1600E-02 47.88 43.57 
é . 
» 3266E-01 2286602 48.85 oer} 
és aie ee ee #1026E096 shO3RE-92 $0.06 45,56 
i ack ima ‘sees sbOS2E009 o2 SP5E=O4 54.76 47.48 
, as a sides rORROECOG »3500€-01 $2.91 6615 
7 . 
SPECI TEN WHEE peta 
SPECIMEN ot NIAY aH ttl i 
1 faaneanibet ie fi 
. Pp uM 4 
mM TH Pa a | 
erpauen hy a dfn 
to FaTiuRer re 
KINAX) —-¢ CYGLESCPRIBE 40 FATCURER 66.40 HPA SORTCHDE 60.50 KEE tht Hiss FF 
« 74 5 TA CAD/OELTACHD AISTRESS INTENSITY 
he sa | cyeLes Py) st Malai YATE weeekdRd tae’ ASTESSET ns 
nee ii veus 23125E-03 oL230E<0% 15.44 16.93 
ee pee wis s3769E-03 14ObE=06 16.26 16.78 
pee ag tak 427 06-63 +1681E-04 i7o8? 45.62 
aed pe shes +8669E-03 +26266-04 £8.16 16.51 
at la nisi 202656-03 3254E=0% 18,91 47028 
ooas “ual aiss <88D2E-93 +3465E-04 19.73 17.96 
er ee seas sASeae-02 25 7O2E-86 20.72 16.86 
cate yer isnis shbtat-02 +5566E-06 24.70 19.7% 
Rea nie “aie 1365602 »S300E-26 22.56 24.6% 
vines ~aee nae «2202E=02 sAGPIE-04 23.24 21.45 
es be ea Sak -2203E=02 sBOTSE<04 24.05 21.89 
aes ak Vice s26K0E-02 +t039E~03 25.0% 22.79 
eal pee teias o2622E-02 «1032E-03 26.00 23.66 
eee oe ‘area e332 0E-02 st303E-03 26.40 24,39 
aes is is 4 2238-02 +$663€-03 27.52 25.05 
Hee pate neere #6209802 st657E~03 20.37 26.82 
se nes see +S418€62 a20%4E+03 29.48 26.83 
ae aa peng o5U31E-02 +PA3OE=03 30,76 27.98 
Pare news cease s59Q6E 62 e2S75E-03 34.98 29.t1 
seat ane chess oP2rie-02 +2863€-03 33,20 39-28 
pe aa ferns «O574E-02 +3376€-03 34.38 34.28 
. ‘ 
-88SKE-02 s3498E-03 15.56 32.36 
sue? teks BN 1169E-04 4OOTE-03 36,75 iia 
' 32466 1.786 15084 : 7 y - 
' 1460-08 +4501E-04 a7. 7h 3h th 
te, o2 439 15201 
ses nan eta vAWATE=92 5829-93 30.72 35.24 
t 76s ies 15473 ei FeBEWl2 Hh DLbEOS 39,46 34.26 
. : 
a eLSTHE=O4 +6L98E-03 40,98 37. 1b 
phar sites aca o2O2TE Lt +7 56HE~O3 42.96 34,28 
paiea ae 187e2 el 7OLE-02 ePOLIE=63 43405 39.17 
© o239NE-04 +9439E-03 43.97 3.02 
F leh sO? 16735 15468 
o2t2te-G1 ah OP1E-02 45.06 etal 
. aGa8t acne ede 2359F-31 Q2AHE<OS eOo46 &2edt 
F 47662 L.A75 15968 . 7 x . 
Fr 69.62 1.939 16008 a232hE~CL e9t67E-93 &7,22 4206 
a ee ae ae 
F 52.83 2.048 26138 . ‘ * ORIGINAL PAGE J 
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DI-15 (CON'T.) 


r 54010 20130 16190 eSA7SEoR1 e1L 2568-02 50.37 a5 .8% 
e 65.37 2.180 16183 oe F629E-01 2h 429€-02 54040 46.56 
F S728 2.255 16208 oPh20E-ud o3003E-62 S2azt e7.51 
t 58.67 26310 46233 oSSABE-R2 22 209E-02 53.29 4549 
F 66058 2.865 16253 oFS25E902 oS7S0E-82 Shy SB 49,49 
F 61.85 26435 46268 sb Ob7E*01 +333T3E-02 55.46 50.465 
€ 43012 2.685 s6287 «BUbTE“01 oS333E-82 $6.3¢ G1.23 
e beste 2.508 16293 al SZ2QE 606 +6000E-02 $7.25 $2.10 
Ff 66.00 2830 16305 si PA9ECOD «TOGSE-02 50.5% $3.27 
f 66.45 2.695 16314 oLO3GE 000 oF 222E 202 $5.69 54,60 
F 69.98 2,755 16323 oRt7TE+as AS7LE S02 61.03 55554 
Ff 72026 2.865 16327 SALI e0C otSQ0E-08 62.66 5h.a2 


TABLE D1-16 


SPECIVEN WHeER! 2th 
Low it f 
srecrmen pa alia 
test TenpemaTuRES 353.7 K 
52 NH (,0680 26) 
Bars atest esit i aude tuba iboes dy 
rege H uv oka 
Kinane 246 CVCLESCORIOS To Fatt LURE Et alas wee SORTEHI( 43427 KSt Boat LihhT 
J 13 TRESS iy Ens 
gRacK LENCE CYCLES Fe ee eee ave ycLe npn eday enn SaAT tN 
a6 “4 BONE -02 s76O3E°04% 25.94 23.64 
hots tone sae o3296E-02 st 2986-03 248,0¢ 25048 
5035 7 8 phO24E-02 -18216-03 30.03 27.33 
Bete pats shes o3401E-02 oL 3396-63 34006 26.96 
Sere 1205 aki s6L9GE G2 o2399-08 33,36 30.356 
e291 oRTe at o6b06E°02 o2600E-93 35.09 31.93 
ree ae see oA8SSE-01 sh369E~03 $6.6% 44,32 
S22 oh bP ae e991 7E-02 23404E-03 30029 34.06 
A007 sian t8e6 o98G2E-82 23BG3E-83 39.95 36535 
mete #388 2597 otS27E-01 *HOL0E-03 =, HLM? 37.69 
see hte ite s1507E-04 +5933E-03 a3.0¢ 39013 
psd} oeey aie o3n9tt-04 2568-02 eee 75 bast? 
12624 #882 
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TABLE D1-17 


SPECTEEN WHERE trait 
SPECTHEN onfEntat Ont rhitgy R : 
capes taal ayt srittit 
deetteatt : 
SPLEINENCTHTORNE Set 1065 8H ened , 
mh inde Stabsat res SPuba £382 ah 
FREQUENCY E 290 Gen 
K(HAX) 54 CYCLESCPRIOR $0 FAILURES 4,03 HPA SQRTENDE 37,36 ohfREnG SKE 
BRECK SeWOH—cvcucg ams BFBEEY/°EL*EMEycue wa FRERFERESS ARTEREET bun 
qe ak , eee sTOTPESD4 o2PA6E~05 11.10 10.%0 
S46 ge as s1150E-63 o4S29E-05 42.70 40.65 
Socoe wit Sasi 01059€-03 o4$36E-05 1Zoes 11029 
paca be sisax +2 9b6E-63 +$16BE-0% 12.92 11.76 
01506E-03 «59306-05 13.27 12.07 
11640 AY) 14729 
Tees ate araee o2243E-93 80326405 13.63 12041 
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axe aes pes a 325€E-62 eAZAZE-O3 16.87 13.35 
a: sate pene o7963E-02 1S239E-03 17.85 15.61 
68.26 2.292 164522 shhSdE-O2 +1 76E-03 47045 15.08 
énae pee Paasas e5G27E02 o2245E-03 17.00 16.29 
sigs oe ee oBO97E +92 s3408E-03 18.19 16056 
sini ee seein sL316E-02 Si79E=09 18.55 26.68 
‘cn ae rasta +8962E-02 o2TRLE~O3 10.08 17.18 
ae as ee e111 3b-04 +4 3AZE-B3 29.21 17.48 
ae 5 ive levine Q88PE=B2 -9093E-03 19.53 17,77 
GON sags Takin 1392801 +S5HOQE=03 19.88 16.09 
ans eye seaave 1368-01 S306E-03 20.25 16.42 
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ith tu 


as bie ae npn ae it 


62,75 HPA SQRTGHDS 38591 Pi te atte 


woRESDAtEntes® RSE SEAT 


9.69 $082 
10025 32 
10-72 90% 
41643 10.48 
12.43 11.0% 
12,60 ikett 
12.93 At.77 
13.25 12.86 
£3.56 12032 
13.01 12.57 
14015 1288 
16.45 13.18 
$4089 13.55 
15.846 Aesth 
16.43 deoGh 
16,65 £5.18 
17.21 15.66 
17.77 16.17 
18.2? 16.62 
16,78 17,09 
1901 17.66 
26.28 18.38 
24.06 19012 

allt 
vias 
wy 


sabe nra FS a 


65.66 WPA SQRT(MDC &4.73 xst®S onttelt wT 


TABLE D1-24 
SPECTN NM nudeeRE 
SPECIMEN adie 
emis t 
TRU ste iH 
FAeg aut 
conan as oveuesFONBR HE PATER 
“ eae GYERES 8 eR tera vee 
nae nee gee + 4946653 sT563E°8S 
sae tag aces o2h23E=-03 +95396-05 
weed age Pye 03969E-03 sASTIESO8 
ae aa cate s6780E-03 .2698€=04 
mn — snake sO316E-03 .327 320% 
an ps pra 2 9869E=93 s3A77E=06 
ai ee sae o1H2GE-02 SELSE-84 
ne ae pape oA P25E=02 .67906-06 
nes pies pars 9568-03 s37ETE-0% 
17043 1666 40506 o2z0SE~02 1b990E°O6 
aaa aie Sica 2827E 2 sTA92E-68 
licKe ay teas 2203E902 sO9N9E-4 
Sa ae eat roth e267SES02 .1052€-83 
Fags ae mas .29088=02 s8464E+03 
otis pi popes o3467E+02 22A7E*0S 
Secs pate Siege 2 3290E°02 +1298E-03 
26.62 4048 2asrn a Se TEEUE o2AsbEo OS 
Se aes aaa vite .6806E=82 o27416°03 
Seti « “Lads 8 sB3SHE-OZ .32906-03 
31038 4.225 22199 esenserne s2647EB3 
Sa gi. oa pei + 9164E-02 «3608693 
aia . cea cbaad -1680E-04 64S6E-83 
Sercas | Teal me 2429804 sO304E-03 
TABLE 01-25 
SPECTRE Ny Tepe 
SPECTHEN onges ral iat 
reer Fonbtertoe 
SPER WU StReSe! 
ReRATIDE 
cycles 10 FAT LURES 
KANE 44 CYCLES oh5a To raetuRes 
ee vena cveues an OERREATZDELTAGMD eo 
as ore hee s4aS3E-02 w5722E-04 
ha re sa .25298-02 .9958E-08 
ee "aii ae wh3B4Eo02 si 7266-03 
na poe Hen .5254E~02 .20606-03 
ay Bi sed .4283E-02 11606603 
fice ca tic <6016E-02 .2369€-03 
taett wade tere st OShE-c. eh 266E-03 
es ee me s12ne-o4 .5065E-03 
1302? 623 1034 oLP73E“OL +65826-03 
eae same ee S2HeE-O1 .2066E-02 
16.72 +658 sas veh’ s3608E-82 
D-22 


wPRSaat tase RSE SaRT CEM 


13,35 42025 
14537 $3.68 
£5.16 £3.80 
1583 thebt 
16.61 45.11 
17,346 15,76 
16.10 16647 
19.07 17.35 
19099 $4.19 
20.596 19,07 
22.2% 24,24 
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TABLE 01-26 





SPECIMEA NUMAE Rt WESS2LE 

oPue tun cabeMtaryons conzitearage 

aunt ane aS 

test Tempe astyess “A i" i 

SPEEINEK Fubcrnesst test am (gage Ene 

MAXIMUM S THURS 75e2 NPA (LCS a ESE) 

eerauneyt 233 the 

Kimand 126 brcLes PeTaS 18 Fadtoees HOE? MPA SOPT{MI¢ 14,92 PST PAA 

“a ames evenes POL St SR VEST ATS wea Saat enie SSE Seay TIN 

; ed: +323 L748 et deh to 27 A2Eote 11618 tote 
he’ Pers} WELt e77LE one eSi35E-C 6 tLe? tbete 
ay? 1377 72041 elPzeeeds vHARS EOE - 12422 42042 
00249 otat 18365 hd eal oOGA EWC 1? shF 14.84 
t3ea2 4429 w2E16 stu TE; 3 ST UERRS 1309? whee 
147% 1452 42047 Lina iy o7249E9tt 13,5? 12436 
Laett 14h ray) ahtATe se 4 OTS 4R9 TS 13494 12.69 
ee aie sa 2B MEd oH GAELS 16.35 14026 
Lies ou? “6L24 seer cet 1967 E99. 14e7h $3437 
Aaya? 204 “HESS e2Aatee sy vitiTbeie 15.0? 13,72 
toa 2 2394 +4044 a2 OS 7E=03 ah When LE 45 the ié 
Peyne sats 77,9 fidenBnast eL3L7Eeta 15576 rere) 
1oe.? v3 runes seaesenss elbZende 16.97 14069 
1647 1658 #5532 da e226 +04 16,3? 16.46 
1%e2: ehe? abkGt eis ternt eI7T5E one th At 15512 
Lieu +753 nIP41 sO TEMPOS +225 7Eo5y 16.9¢ mec 
tayit 173. 9234 pat hitaien atoaaescs 17923 15.48 
tie rat 16? sPPLSE= 4 o2209¢-£6 17.59 theta 
264th .acg ret ap oP UIGF ALS wPAMAE@D4 tA,}7 LhehS 
27,2 Ar? yuu t staratees eStI7E~s4 Leste 7,47 
24,05 196 rE eH Dalia ate ede sbode 19.48 17473 
28.37 oan 7113 eb 2lebes2 oHTHN Em & cLee ey 18632 
2eer? ets2 7AK?? SpeLiEret SOIREE ber 18,94 
24,95 tebhe 79664 patina eBATEE Wu 21046 49051 
a4a38 tethe <tr o139?€-32 EPR ERTK 22.37 FL 
Me? te2Ph ag: aude teres sPFOSEOm 2268: 2245? 
32,28 10278 41644 i e7322E eis 2354! 24.08 
35003 t.328 422 nA e2Gu it o02 ellCGe-03 23.70 21089 
Veo 40374 42642 sBEGEs.? obi 2SEnas Putt 22015 
Nicae as Seiec e2?25R-22 eLSBEE=C3 2H 75 22.82 
7445 Leela 4th49 2a 3eod2 sFNSUEWha 26627 23eut 
Seg ET 46179 eSteiecde ed2Aucos? 25.42 23649 
4 02h 1e5AE auery HEE 82 o14I2E 904 26637 23.59 
whoa? 14334 Aye? asasifore. o1568E 074 26.87 24046 
47676 16643 49103 AW ibatasd sUbSEEST3 27.36 24.90 
one ty 25: ohe ag ee BAa et? elT27£0c3 27.37 rive ee 
aoeat Lean aSett suteis-Re 0487 36-23 28.57 25096 
aPeat 16467 aaL?7 wSRLETeS2 oR G2E als 2.1 2hohG 
wad 1.338 4h2 36 spat eres? o2351€-33 25.63 26.96 
e445 te7s. AEE SY oStAhe 32 +20G2ECY Joete 2703549 
1.2 20308 tera? HTSSOG 2 e2927E=98 3tebs 27.85 
se seand nary TRAE. %2 o2hG E932 31023 2a.te 
54043 e123 arata 012d ts? 284i tard 31042 24.595 
ine ty 201? 17497 SERIES oS. £23 32450 29.58 
$4044 2.444 WEA? eh GPegd sTd64E 33 13.54 oatt 
50,44 2.357 a7 Ta e125PEedd eH IIE GS 34,27 34019 
42a? Zane 79,2 olSEtEo)2 eGL9S5E-07 e917 31676 
53.35 pore sari e1S2teert s63826-23 15.46 32 eee 
05.5224 rey) ree o?727E=0" VE etd 33435 
hoeat 2esre aan? s2292E oat oWESE LY 57017 33,83 
33485 ZeP2z AAzud 125966924 eUC2LE-22 37,98 34.55 
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TABLE D1-27 : 
i 
SPEGTIEN inp seunereet 
Leavy TYPED a= TS 
SPESIMEN QOTENTATESONE LONG ITUOINAL 
TONSTORTANTI UNSTIFFENED 
ENV S OCNNENT I ARGON 
TEST thMPESSTUPED 322.6 & 
SPECIMEN THICKNESS 1e65 Hm 4.0650 TN? 
MSKTPUM STACS54 LiW,E MPA C47 e2 RST 
aeRAT ICL Pr) 
FREQUENCY! 200 Con 
CYCLES TO FAILUREt 165% CYCLES 


ximayy  thz GYWLES OWN TO FATLUSED w3,be MPR SORTING 39072 KSI SORTCING) 





CeAGK LENGTH DELTA CAD FNELTACHD OELTA(STRESS INTENSITY) 
MH TM CYGues MM/CYCt x IHsC¥CLE MPa SORTOMD KSI SORT{IND 
Sabd ot 
2 2t05E<0F of206E*95 15.02 138.67 
= ad atdP 2343 
+ PSRZE HS si 127E“04 15-76 14.34 
tug hue .2G8 4509 
+hES3E wd el abhE ods thebd 16.70 
Poul e2ra 3475 ; 
sSCIPE-G3 ot DA3E-04% {7.2t 15.92 4 
TAT vac 7286 
aHbF4E “C3 oP 55RE@C4 48044 26,48 
4.4 o33e 03.6 ; 
+ SEGSE RLS oS SHKE“SE 18,96 17 .2h 
3.%3 athe 3247 
2 1L95E-02 eH TtDE“ Oe 19.76 49.06 
tints 6399 q9a7 
aL222€°b2 eb Ditioss 20.63 16.68 
nee AD had 15545 
elt Jaret? ah 3IWSE-S% 21022 13.39 
14,53 oh Se ttl 
aLESSE SSE »h51bE 90% 22693 19.96 
aceht oGA4 22785 
a2LIAE~b2 oROSHE-08 22.7h 23.69 
13,53 26 1étes 
e2iusE 02 Bb IDEWd% 23.48 21237 
a4el6 oa 12643 - 
a2HME 202 eG 36E-03 24223 22045 
Lhe af AZ 1286? 
e2TAsE cz 013956-03 24.97 22.72 
Liem? 08 2h 44135 
e2b16ETL2 et G27E-03 25.62 23.32 
tet] of G5 4%433 
\ a SESSEWd2 sLGI3E-03 26028 23.91 
17,4? oh a4 1367. 
oh IOIE Se eA 5UNE“SS 27662 24659 
4B! a7E PaL ERS 
4ASsF-O2 sLG33E-03 27.297 25.27 
bonke Fas thie 
ehEMHE“02 vi R4IE<03 26.7% 26015 
Poet? oO 3S 145.3 
6335-02 eZeUEort 2964 2te2 
fia?! Ah 6744 
SOP C2 12 336E-03 Wats 2B. de 
Pugh? adFy $5394 
oPALiesse +3075£263 32.34 T4047 
"hed? 4.. 34 ao24? 
eAGINE WG? a SGRTEWG3 33.58 3).558 
Itai? Lyiat edd 
ethttteyt hGhhe~s3 34.55 3i-4h 
"1,44 Leth? WHat 
ehth2boot oh STHLoO3 $5.57 32.37 
tha th Lo 79& $3734 
cL MASF=04 eS hbbE OS 36.66 33633 
Sogi? 1.27% 2hAGS 
ethitbesd rh We 2EWGd 17,66 y4,22 
jee lh bea 45465 
oLbPiE oat sGESSE-O8 3a. 62 35,4 
tuats beet theee 
eLPAbE wed Pg2sE<9d 35.76 36.19 
Vee Lee 9? Loit+ 
s2hetieul +9679E+)3 4G 9A 37229 
ciyh? Lahdh th234 
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TABLE 01-28 


SPECIMEN KUNBERO UsS~1L6 
ALLOY TYPE 2024-7861 

SPECIMEN GRTENTATIONS LONGITUDINAL 
CONSTRALNTE UNSTIFFENED 

F ENVIRONHENTS ARGON 
TEST TEMPERATURES 3Oue3 
SPECTHEN THICKNESS® 4065 HM 1.0658 IND 
WAKIHUH STRESS? 227.6 MPA C3206 KST? 

— RoRAT ION 20% 

FREQUENCY) 206 CRK 

CYCLES To FAILURES 4178 CYCLES 


KUMARD 12 CYCLES PRIOR TO FAILURES 57.18 HPA SQRTIMDE 52003 KST SORTEIND 


CRACK LENGTH OELTA(A}/DELTACND OELTACSTRESS ENTENSITY) 
He tN CYGLES MH/GYCLE IN/GYCLE MPA SORTIMY SI SORTCING 
6.22 0162 1 4 
s3H50E=62 of 358E-23 24,87 22.63 
Saif e228 243 
ahETUE S02 s1OQ0E-c3 27.62 24.59 
5,77 2227 a2? 
oAKPGE<92 e3337E-03 26.79 26.20 
6.55 +258 519 
6PORE-02 a26630<03 30.86 26.08 
7.60 2299 675 
= W73E=02 s3O87E-03 32.95 24.98 
262 2335 765 
oA SGcE~Od oh 09SE“03 3ae?? 31.8% 
Feud 037) 05% 
eS 23GE-04 o4642E=03 36.51 33023 
Lue 34 +407 939 
sL985E“ut 2POIGEWDS 38.26 34582 
41.32 AT) 979 ; 
o22SSb-54 eOa71E-93 19,80 316.22 
ideit e477 1024 
o S2k2€+01 01 265E02 1.32 37.00 
t3eat e446 £065 
o332LE-01 s1307E=92 82.67 39.31 
44,00 2551 1072 
o4910E=08 o2935E-02 44s25 40027 
14,83 1584 10849 
5193-4 e2CUHE@92 45.62 41.52 
16.77 162% 1437 
oWOS2E +01 o1942E*02 «7.00 42,77 
1b. EA 2656 4425 
w5E2TEWOL o22thE-02 46,40 ho 3% 
Lhe? 0696 1443 
et POAC OGe sb7P28E=02 S0.4t 65.60 
19.03 e749 1131 
eh 5955405 oF 2R0E=62 52.71 a?.97 
24 e62 +Abs 1266 
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TABLE Di-29 


SPECI x i 
SPECIHEN OR a 
orth} 


Re 
fini ap epee OE sstettes 


itty 
shot tl 


35.20 MPA SQRTIHNE 32.06 aputhi 


Seosn naan wee 


Ah renee oyctes wn Robe OFA vcee neReRORFTATES® EMTESEATT EW 
8.76 1345 4276 o1916E~D3 oT5GbE~OS tieee 10.45 
9.47 ai bash o2972E=03 +7759E-05 42.00 18092 
nae “aa nie 22326E-03 +9156E-05 42043 14038 
ta.as 42? 12766 +3305E-03 el S3SE“0% 12.86 Laetd 
ar on bath 03227603 e42726=04 43033 42043 
‘piae cate seatt 3893-03 st 539E~0% 43.77 12653 
43028 +523 ssize oGNSHE-03 vA TSHEWDY 16.25 412.97 
ia 8 aes eines s2058E+03 o11256-06 44.66 43036 
ee ‘ea ice ehT79E-03 18826904 15.8? £3.72 
sets ee coeds 3HGGE-03 o13BSE-08 415.52 thet? 
16426 1640 26417 +6279E-03 2h72E~08 15.92 Ahead 
17906 672 20035 oh5OLE-8S o1953E-0% 16.34 ren 
18.45 e726 30363 oS992E-03 +2959E-06 16.85 1033 
vaca aay Sya74 1004-02 3953E-06 17.4 15.07 
wae pe saici .97h5E°03 »363GE-04 16.44 L654 
2z082 898 34795 o97A7E-03 .3857E-0% 18.90 47220 
Bios nace mening a552€-02 6140E=04 19.53 47.7? 
25.880 4649 36749 st GOe=p2 rb220E~06 20.19 18.38 
27,31 2.075 37434 e2072€-62 oi 59E=04 20.85 16.98 
Sects. <acuae souk s20246-02 +7 5L0E-0% 21.4% £9058 
30.60 44208 3789 22063608 e2129E-03 22012 20013 
32438 1.27% 39375 o3038E°D2 o1198E+03 22.88 20082 
isihe. “acs? saat 2922-02 +1150E+03 23055 21643 
41518902 1 634E=03 zee2t 22006 
ce ais ea +5008E-02 +4972E-03 24.92 22.68 
ieee eer a sWOTLE-G2 t948E-03 25.5% 24028 
Satta... <a eee iasde »S47 0-62 2253E-03 26.15 23.80 
ices. tees re +G406E-02 2522E=03 26.79 Base 
ak. <aaeae cee s67KTE02 «2656£-03 27 ah2 24.95 
45663 1.793 41970 egerreste 3653E-03 28.08 25456 
WT ehh 1.868 42454 ate Tees WOG4E=03 26077 26039 
Cae) ae aan »062Z1E-92 w3N73E*93 29040 26076 
50,46 16987 42457 Ce raetaehs eH a52E~03 29.99 27,30 
Sider <0 penis .125RE=O4 sh9S2E~03 $0.62 27.86 
eae re seeds .1195E-08 s47G3E°03 34,19 26.39 
pee ges aaier .1588E-04 s6250E-03 34.00 28.9% 
56679 24232 aza4? oihecenb2 + 56L6E~08 32647 29.55 
cea tsa ia e207 LE-01 y8i53E=03 33.44 300t6 

, 
D-26 


MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST 





FINAL REPORT 


FRACTURE MECHANICS DATA FOR MOC E1153 
2024-T86i AND 2124-T85l October 1974 


TABLE D1-30 


' SPECINEN wees: ' 
SPECIMEN oat i atic 
leg fl geet a wth 
KCMAXD $i CYCLES Britt e F i : 42003 MPA SARTCMDE 37.3% «it® tl 


Apeoe TENGEN eveues an sBERTE ALTA cee ww CHORE EMSS ARTPHERT Ens 


ase is TOV7E*04 2706E-05 14.38 10.48 
. bad a ead J oJ . 
oa wt Phi o415CE-B3 #4529E-05 44.70 186s 
PA "ek Pri 10S0€-03 oh LSGE-05 12ee4 12.29 
cacak “ine ssade 2966803 +1160€-06 12.92 14.76 
taste heap sate o1506E*03 S930E-05 1302? 12.87 
setae pe rane 2 2243€+03 -baS2e-05 413.63 42044 
sara aes seers 3029E-03 ot492E-ne ery 42.77 
13.50 534 42797 02 162E-03 +BSL1E*08 16.85 £3048 
the 32 1564 ng254 e337 UE“03 sh IZ7E-04 1808? 13.54 
15.1? 2597 b7468 oT825E-03 o1502E-08 15.33 43.95 
15.7? 0622 AAS ohO7AEBS o1606E~06 45071 14.29 
| £6043 1647 50316 whazsen03 21899804 46.03 44.94 
aaa ie eines o5282E-03 +2079E-08 1e.e0 4h.92 
iavii ave eet ST82E-83 o22m9E=04 26.62 15.38 
Tabs eek ine 79318203 +31226*06 27.28 15.66 
socks aa ssi »0065E-03 317SE-64 17.76 46026 
seoyt ate soisa 1092602 seSONE*04 16.43 16.76 
23.05 ‘ga? aoans LtL4E-02 sh3OSEo4 29.03 27.32 
aa aes patie o1560E~02 +6156E 04 £9.66 17.89 
sacai nea sus e4?27E-02 6001E-04 20.30 hehe 
Seek “cae eins +1880E-02 +TRO2E=Dh 20692 19.08 
29.05 he tbe 61923 eB2 726-02 +0629E-04 21.56 19062 
; nr ean betas .2777€-02 .1093€-03 az. 20019 
’ $2e02 1.264 62905 e327 9E+0E 2291-03 22.79 20eTh 
aes aes aaeet o3668€-02 +thS2E-03 23043 21632 
35.33 te 395 63699 oh TNE “D2 ote72e-0a 24.09 24693 
17h tabe7 onere s2yS9E0e v1 QB0E~03 26.78 22049 
38.29 14507 €4344 O47 SE-02 12548€-03 25.29 23.82 
39.86 1.568 64584 o5THIE~O2 o2261€-03 25.90 23.57 
aaetd ete ets -6929E-02 +2720E-03 26058 2eeaz 
posers es peiai *6O14E-02 2ende-03 27.07 24.68 
Sacik> - “given ae eT 7418-02 23038E+03 27,64 25.12 
KGa. anes waaay s97S7E-02 o3B41E=03 26641 25.88 
aA reeaes cacti 263756902 «3297E-03 26.63 26.06 
48.15 1.896 65608 ol A7IE-G2 sh60SE-03 29.18 26.56 
49078 1.957 6576% 0 9679E-02 »37$2E+05 29.75 27.06 
50.95 2.006 65864 o8258€r08 whS3GE-03 30.30 27.58 
wae, 20e8 cca; s1539E-04 .6058E-03 30,97 28049 
5eoh9 26445 66088 o2163E°08 oAS515E-03 34.66 26,83 
SecGeve | oosote Sains -220¢£-04 .8699E+03 32.33 29082 
57.7 2.263 eezit o4909E-2 sT5LTEWOS 32098 29.97 
. 59.46 2.329 66279 o2HONEnGd oS779E-03 33.52 30.50 
60.56 2.382 £0336 neNINE Cet 9582E-83 Sead 31.87 
o3606E-01 o8451E-02 34,75 31.82 
ee oh fe Sieh mens uk 
ce |, ieee pes shOS6E<D1 +19518-82 36.16 32091 
67.24 20646 6468 ser pakne® o2669E-02 Moot 33668 
66,89 2er12 e520 o%G67E+01 si B37E+82 37.70 34,31 
sear ARS hai oSO8KE-01 2347-02 36.28 $4.86 
76429 2.767 66545 oF LINE WS e2OR5E~02 36.66 35043 
vis, eres aks s5512E-08 s2a70e-a2z 36.85 35.35 
* 
D-27 


MCDONNELL DOUGLAS ASTRONAUTICS COMPANY «= EAST 


Nl AIR, 2A RT = steam mea ator 


ad 













A aos tain A ea Ri a ea 





2 eT a Oe ee ee Se eT eR a gee ee ee ge ee ee eee ae 


FINAL REPORT 


FRACTURE MECHANICS DATA FOR MDC £1153 
2024-T861 AND 2124-T85! October 1974 


TABLE D1-31 


SPECT TEN oy a ebes Nt 
SPECIMEN ORJER Ong 

vader “ene 

sree ras TERE otha td 

FRequeneys 2go fPn 

Kinany 375 cyeLes PRIOR 10 PertUaE 31.67 HPA SQRTCHD( 28682 af samara 

BREX CY oreucy mu ATALEOY PEED cue wRESAFEAS? RTSBEAFU 
+ 3124€-03 sA229E-06 12.86 41.70 
sabe qa nis oe212E-03 o16S8E=06 43.76 42,52 
“Peas 6309 5a33 eFZ03E=03 o28IGE~“0% 16.65 13.3% 
fee He aa sO750E*03 + 34h5E=0% 15.52 Leet 
mek pe oe +14206-02 .e370E=08 16,26 14.79 
Pe ee saat +4356ER02 .5330E-04 46.54 15.42 
ee aie rand e1637E=02 oGH4TE=0% 17.69 16018 
aa pete se + 1625E-02 s6398E204 18.40 46.74 
eae pts as 2564602 +t609E-03 19480 17.30 
ae aie al 2507-02 29870€=4 29080 18.02 
ae os pane +298ue-02 eLInPE-93 20.47 18063 
sie Nae ia 238298902 o1507E-03 24.09 49026 
ce pa na 14595E-02 .1009E-03 24.68 19067 
aa ees cote oW51SE902 s4777E=03 22645 20.16 
eas aa pee + 7995E-02 +3168E-03 22.77 20.73 
aaa poe aa »6128€-02 2e4 3-03 23.40 22.30 
is tak aia 187 0L€=02 +3e26£-03 24.7 21.99 
AA ens ase 8202E-02 3498-03 25.15 22.89 
shag pas es 18286+04 .S643E-03 26,85 23.88 
ota. “shea rae st 3498-08 .5193E-03 27.18 26th 
Secge) ULaae ae o19208-04 sTS6LE*03 28.12 25.59 
24.38 eit? 11600 ef Bi 3E“01 s6351E-03 28.93 26.33 
oe ee ees 2 755E-04 o108SE$02 29.71 27204 
TABLE D1-32 
' SPECTIEN, wuaens ait 63s 
SPECIMEN ol sill ait i 
Tv ity a ‘i i 

dae Tt mie ohhh atch 

cre. wat retod regis go bbe 

; -wemany 2 cyCLES PRIOR fo Fat ite tT S3eta MPA SQRTCMHE Gee2s KS SeRTUINIT 

a vee i cycues PY caaneieen SYL ATT we ReSaReTase’® ASTESERT TEs 
oe en Bs sWTANE=02 s1868E-03 hee? 22027 
ios pid ei S47 OE-02 sO1SHE-03 26.56 herb 
nea a 7 +1086£-01 4203883 20.18 25068 
ae aoe ae w 1386601 +5340E-03 29.58 26.91 
nee aid hae oAhQGE=08 5890E-03 31.28 Zea 
toa ne pe 4638-01 +1626E-82 33.47 30.46 
ase Biss aa +2228E-01 +87 74E-03 35.68 32045 
aes yee el sNSAE=01 oA7R9E-02 37.51 3443 
is tae ms sLitgeeno oh Ib9E=02 39.37 35.03 
15.52 bat 703 t092E¢00 ohJOQE-G2 41.19 37.49 
ah aii bp o2650E900 +tO83E-04 63.58 59.66 
at pee eee eb 92uE+09 12 726E-04 47.82 43.52 
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TABLE D1-33 


SPECIMEN NUMBERED UG3~2b22 
ALLOY TYPES 2024-1862 
SPECIMEN ORTENTATIONS LONG ITUOINAL 
CONSTRAINTS UNSTIFFENED 
ENVIRCNMENTS wet AIR 

TEST TEMPERATURES 300-9 * 
SPECIMEN THICKNESSS 161 AN 426635 IND 
MAXIMUM STRESS? 7502 MPA ($009 KSI 
ReRATION 205 

FREQUENCYS 200 Cen 

CYCLES TO FAILUSES 46657 CYCLES 


KCHAKD 1 CYCLES PRIOR TO FAILURES 52-60 HPA SORTIMNIE 47.9% KSI SOATCEND? 


CRACK LENGTH DEL TRAD /DELTAUND OELTACSTRESS INTENSITY) 
lal Th CYCLES MM/CYCLE IN/CYCLE MPA SORT{W) = KSI SQRTEIND 

7o65 27a t 
e2231€-C3 oF997TE“O5 10,48 5099 

7,64 9302 7102 
e2SAsE=63 oF402E*05 31,38 20.36 

8.3? 2t29 5979 
o2hC9E=G3 +9 465E=05 13086 £2.76 

9.06 +356 RASS 
+2b3GE=-233 ei S3SER04 1231 11626 

476 ahh 11493 
o2916F «63 sAbAE-D4% 22.81 11.65 

£0.89 ht? 16356 
eSL3GE+S3 ol 236E-0% $3.26 12.37 

114229 oad 16312 
o FES AOS ot eIDE-D% 13.67 12646 

11694 2470 186344 
2 F596E DS ethtSE-be 44.30 12.47 

L2e€? 0499 22355 
WSGRE “GS ol POSE 286 14,52 $2.22 

b3eul onQa 22569 
ohS2KE WLS al 7B3E-a:s 144592 23458 

LHe 1554 23474 
eGS9PEWD3 e2h25E=0% 15-35 13,97 

14,96 0690 25137 
+ 5565E"C3 eFIFtE“De 15.76 14.34 

15ste bts 26262 
oACLIF eos »2S6FE-04 16015 4e0 

16.67 oF4A errs 
«oP 24RE~03 o2A50E“04 16.60 15.41 

17,34 ahhh Pats 
aF2TsEoL3 22865E=64 16.99 T5407? 

amekS of? tt 24ar? 
9 OU5IF-03 e3IIIEWOS 17.39 15.62 

24.95 etak Par] 
o9241LF 943 + 362HE+04 179% 1f. 32 

24083 oFat 3lae5 
elLbS5E nde eS 3I9E=08 16.67 1o.4¢ 

~baes 9482 35607 
eAtZ5F SE aha 2RE=04 19419 1746 

25.0% ei? BHA, 
ete2qeec2 eGATTE-G4 29579 14.02 

dhy?2 ota? 35921 
etH4Eo62 oREGLE* 24 20.37 14,546 

25,61 te-tt SAATH 
eo LAdSE Wo? aTe2PE-34 26.96 19eih 

Pheu ty he 27644 
et FAPE=52 sPA25E Oh 24.57 19.63 

28.56 1,126 3a3hd 
oO tuGk ole ohGSlEese 22.th 26515 

THe? ett 34446 
scar sass sbGPuEoCS 22.64 21.60 

e049? Lyi F164 
2 2P29E wu? el e?3Feo3 23.26 21.37 

teal? 4.289 1994s 
sQPhalk eye oe CSGE CGS 23.69 21.456 

37 ete 16724 7471 
+PE%EWGE sLOAZE~O3 24.23 22225 

tg 1.773 41%? 
6 3299F e202 eL2GTE“33 Zhe hl 22.61 

tT er Gt532 
Pe ee as eLISGE MIS 25,53 a3,2) 

jhe ST Leesa 204 
e TAT SE HG 2 eL525€=03 2hels 2%, P9 

Cash) tote? ery? 
oD PTR el’ et@22E-63 2Es7L 24.31 

Hl.es 1.923 427393 
ehbGrt eo? ot A37E-98 27,33 24,8? 

469095 L654 nS a) 
oe PE FEO? oL952E-D3 27.97 2Sahb 

4uek, Le7&2 Gtu2' 
oF0bth-u2 s2229F-03 26,56 25,97 

oS, A8 fetus RTESe 
eFbGGE =L7 eP22re as} 29.62 Zh4d 

ath Se teh wets? 
aSHIIE OL 2 s2EGTE-5T 29,51 26095 

42250 t.7)2 eLt4 
097996 37 ete M Ewes 4O.CF 27.57 

a¥ett 1. e355 
aP EDIE woe a2 AINE “035 39.65 27,73 

4109 t). 73 BO574 
a BiSsb wat ob15uE-063 31.65 2,81 

€ ae hE Path, 4Q AN 
rALSHE ma? «328*E°S3 Beebe Wy? y 


f week 24728 BSrad 


PERLE G2 3003-03 33.82 GRIGINAL EGE 
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D1-33 (CON'T. ) 


F adett RE o) WhOGT 
oh U6Eed oh OCE=93 16,67 34.55 
F Prey 2.445 «5644 
eLLQ3E-Ct oHS00E*03 45.35 32.1? 
F acelA PebGs w STH 
. Lrhiggs ' sP509E<03 36500 32076 
F 1438 2,035 45833 
oh VPE od eS50TE@O$ 36,72 43.42 
F 2479 2rd 459451 
o1 5268-01 sf0OCE+03 373? S4ed4 
Ft n2edt 20666 GGbC4T 
a 25h beet 1 GORE02 34,29 34.85 
F v4 AG 2,78) SELAT 
oe S856E542 st hQOE-02 39229 38.76 
F Fist 2,42) he23t 
oe Z2A4GE OU e1203£-05 39,494 16.39 
€ 7 y,7T eth aha 
o 27 9b aul oLiC0E-02 0559 3€.94 
F Peri? 2.326 4333 
oGRLAE Ud eATIZE DS 44.47 37.7% 
F 7a_k3 55 Hoan 
aLinabeds shODCE<de 42.76 PLTSY 
F 79,75 1.429 boty 4 
aLZi9b eco s850SEb2 aoe de 41,35 
F tee TeThy HheSt 
oh FPO ey oP OOQE<02 45.67 41.56 
F me? $51} bebe § 
o TALGE FOL eASIGE*92 46.73 42.62 
Ft 44,08 Rai AG GOGHA 
: PERE hia rs ezt2ebodd 4.93 43,62 
F Hn ede 3.47% hes? 
oGPLSE Oe o@25E=01 49.3% yA? 
F Fee? R,5RE abbah 
TABLE D1-34 
SPECIMEN NUMBERS UGS-SLS 
ALLOY TYPES 2026+TA61 
SPECIMEN ORIENTATIONS LONGITUOTNAL 
CONSTRAINT E UNSTIFFENED 
ENVIRONMENT SO WET ATR 
TEST TEMPERATURES 303.9 * 
SPECIMEN THICKNESS! Le69 MM (,0660 IND 
MAXIRUH STRESS4 116,6 MPR (17.2 KSTD 
QeRATION 0S 
FREQUENCYS 209 CH 
CYCLES TO FAILURES FAILS CYCLES 


KtMAMs 1 CYCLES PRIGR tO FATLURES 57.0% MPA SQRTIMD( 51568 KSI SOMTCINDS 








CRACK LENGTH DELTACAD ZOELTACND DELTACSTRESS INTENSTTYE 
MH i CYeLes MAsSOYOLE IN/CYCLE 4P& SOPTIND XSI SQRTCING 
Ruz 116 i 
» 6407663 22523E<046 18,56 16.8% 
9.09 7354 1669 
stidie-te oHOATE=D4 19.62 17,77 
4.96 ott w3ra 
otb2ie~dz «6 SA3E-04 20.26 14.43 
19.52 ole 2736 
s20K3E=62 +B201E-0% 20.91 19693 
bead hhh S02 
eLGdZE-02 eB SAKE WOH 23.58 449.61 
11685 +466 3453 
«2G%5E-02 oF9DGE OS 22219 29528 
1205 sean 3772 
o2PUREWd2 oLONZE=03 22.88 ZIAAZ 
$aeth 2825 s27 
a 2PHTE=C2 stCO7EWDI 23.6% 21,48 
Lek ohbS 4366 
aSIGIE C2 sSS5G3E-03 26646 22,26 
ta. shite O33 
+ 29566 =02 ettG3E-03 25.24 23.04 
tO.a? ooh) “90d 
«S5O8AE-02 e2CO2EOS 26.09 23.7% 
17.25 ahS3 5193 z 
wbuerend2 «1 PGLE-93 26.98 24.55 3 
1a.82 P29 5416 ‘ 
eS5U7E=02 a214HE 83 2?,e¢ 25.50 ; 
LIQhA ota? 663) ; 
SSPE CGS o25FTE~]3 26,57 25.95 
eu? oAGh 5754 
ehbIAE add s255RE-03 29,38 26.7 
2heMt 1459 sare 
sTh7IE=C2 s25ate-03 36652 27,77 
FAVES 2974 h2.4 
eO372E-02 sShI90E-03 31.59 24078 
“ny OT 2774 A3eb 
ot10Ateod eb SGE=03 32th 29,7 
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FRACTURE MECHANICS DATA FOR 
2024-T861 AND 2124-T85! 
20h ta 8d 
2H th Lote? 
32,48 $204 
Left aa2he 
35,72 1.327 
34,83 telat 
B7atA 1484 
F 3H 64K TAS 
F unt? 16643 
Ff 4te€6 12644 
F 3,48 3072) 
F wg a? 34793 
F ’ te82e 
F %7ee2 1."?i 
F 2.067 1.976 
F 4$at? 20005 
€ BR tS Rains 
F 19.56 2.746 
«thon 


CRACK LENGIN 


uN 
FAA 


Ag? 
tere 
averted 
1.04] 

taee4 

atal2 

Leeds 

23,49 

tE.35 

16,23 

1L7eP2 

2h 466 

F f3.c% 
F 226 


F 28.79 


IN 


«722 
oo kd 
Seu 
aay 
ould 
ob 
ae PP 
rly 
ha? 
+F 04 
2639 
eh9A 
NGS 
VS 
#955 
te13G 
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6536 
66393 
OPS 
66454 
6903 
C54 
Pay6 
Ttht 
7443 
233 
?2h¥ 
7293 
72aa 
7323 
raja 
7347 
73ai 
734? 


SPECT 


tT 


D1-34 {CON'T.) 


o1SO5E-d1 
eb352€ e038 
e85tebout 
016626 -91 
e22isteut 
o2ABIEWS1 
eo S5NRE “08 
#3332601 
eSSisE-G1 
eF927E It 
eG7T Sout 
oh 77THE +GU 
oOSUIE 400 
oRIMHE CCE 
o$G516 e521 
eR TIRE COL 


e391 F ted 


25925033 
oSS25E-03 
o595SE=03 
eP33SE“03 
eA7OSE-CS 
eff 3SE-12 
si TALE“S2 
sLS03E-02 
oI5S0E=52 
e233 TE=Ce 
o2867E=02 
aPQOIE02 
eLDOSE-01 
o2hOSEat1 
oBSQIEM Ot 
eTCQWESTL 
of 5506409 


TABLE Di-35 


SPECIMEN NUARERE 
ALLOY TYPES 
ME COLENTATIONE 
CONSTRAINED 
uv I@OMME NT! 
EST TEMPERATURE 


SPECIMEN THICKHESSE 


GY 
2 Cyveees F 


CYGLES 
‘ 


2 


475 
2oL 
324 
351 
3Bu 
4th 
Pz 
SiG 
Set 
535 
595 
b6e1 
he? 
452 
653 


MAXMTWUM STRESSE 

ReRATION 

FRE GUENCYS 

GLES TO FAILURES 
RIn2 () FAILUSES 


33,92 33.86 
35.049 31.53 
36.13 32088 
3?.26 33,41 
36.53 15.26 
39.63 36.J6 
Cah 36.82 
41,37 37.65 
42,36 34.55 
3.34 29,48 
44,57 40.56 
ASM? hie 38 
NOothe 41099 
G7 49 3022 
69.69 &5.0h 
$1.11 EGE 
62041 GAS 

UbS<2443 

2024-7862 

LONGITUDINAL 

URSTIFFENED 

WET AIR 

$02.0 « 


teAS MA C660 IND 
225.5 WPA 832-7 KSI) 
dG 

200 CAM 

656 CYCLES 


69,30 MPA SQPTIMES 63.06 KSI SORTITNT) 


TEL TA LAD PO ELTAIND 


MMAGYOLE 

4999C-62 
09554822 
eL357E~41 
eLeAhtedt 
o2 7556-04 
ecb iors: 
si S95E-01 
itelaree 
oe SB27E “UL 
G25) oud 
a3T3LE-01 
of222E 954 
s2976E 000 
edOTZE Fhe 


4unSE rod 


INsOYCLE 

1 3544E-03 
+ V550E-03 
oS EZIEWGS 
+S860E-03 
etORME+O2 
o7LZ0E=03 
s8R57E- 03 
e9507E-C3 
«2245€-02 
s2GbKEoO2 
+1669t+02 
o3198E-02 
oLIPZE-94 
oB8200€+02 
s1759E40G 
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OELTASSTRESS INTENSETY) 
MPA SORT (HD KSE SORFITNE 


33,37 4,38 
36.80 32,58 
37.45 34.39 
16.6% 5216 
34.76 36.16 
1.26 37,53 
42,57 38.74 
eet? Geil 
4t.88 Sé.02 
46.06 wteT2 
49.86 ei. 38 
S372 98a 
$7.86 $2.38 
S9.by 54.99 
63.02 ST eTe 
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TABLE D1-36 


SPECIMEN NUMBERS USS=5T 
pes ie gozecrsey 
SPECIMEN GREENTATIONS Thansvers 
CONSTRAINT UNS TIEEENES 
env NENT 4A 
SPEETNEN THEGENESS! bun {98 ba 
; WAXIWUH, STRESS 7isbhupa 17888 , 
RoRA Ata 
cycies ro"ESTEUREE uZtt fee 
Kimany 529 CYCLESCDSISS TD FATLORES $4.79 HPA SORTEMNE 20.93 KET SURLIRDD 
CRACK LENGTH LTACAI/DELTACHD DELTAISTRESS INTENSITY 
ft aay 1H, cycLes HasEYELE eer eycLE moneSGRHENIe Ree SORE LIND 
: : s262TE-63 +7166E=05 10,5 9.63 
ds be ange 2514€-03 9995-05 11,08 i0.G% 
and 0888 Be88 : H72E*93 ceaaie as an 10.58 
8,82 oth? iggae of x : : 
+2011E-93 othO7E-0% 12.08 19.99 
9063 +479 12991 
«30776-03 s1211€~06 42.5? Liebe 
10.33 +40? 15204 
+ SGL4E=63 2423E=046 13.04 41e8e 
11.05 +035 17230 7 
.3281€-03 +12926-06 13.62 t202c 
44.69 +460 19193 
e4I76E-63 o1723E-06 13.8% 12.56 
12.34 +486 20873 
s8799E-63 +1089E-04 14.20 12.93 
held Ae onl ces &930E-03 194K 0% 14.50 13.27 
ae bidet pe eH 03 aise O% eras ae 
Lhe 2h «560 24576 ¥ - 5 % 
‘ sTOS6E-03 2778804 15436 £3.96 
15034 +603 46099 
+6569E-03 +2586z-06 15063 thee 
1b.09 +633 27299 
+GA31E-93 +2689E-06 £6.19 14.73 
16.72 658 PLES 
+9503E=03 +37H1E-0% 16.5? 1500h 
L7a Mh $685 20935 
eAOSZE“03 347 7E=04 16.85 1.33 
toed? pies anes? Q534E=03 3754E-04 17.2% 15.69 
tine ates eueee <a2ase pz eauee D4 ren cai 
oaks mes renee ast a2 bine 0% ieee sana 
piers soe seen wasser a2 <OON6E a% 14015 17003 
eye is ae sesee az reise 0% 19.91 tectz 
ieee ae ihe oust 2 aaner 0% ious : iin 
setts £4033 $2538 iaatee az eae a3 fice ee 
. 24,33 16125 Jato : : * r 
ete bee sae s2e0?e-D2 s1105€-03 21.96 19.98 
+3592E-02 eLbibE=03 22.67 20.63 
en od ares? JEVNE 02 1hSee~o3 23.29 21,149 
33,42 2-304 37598 i . 7 , 
«4 A09E-b2 1893-03 23.80 21.66 
savas ta33 we 4?93ESO2 1857E~03 26.3? 22.16 
35,97 teeth 38192 ¥ : : 7 
+5099E-02 +2008E-83 24.95 22078 
Arete 1sh83 pause 7161E-02 28196~03 25.56 23.24 
35458 4.533 38682 i : % 
9295602 3659603 26.23 23,87 
4s 64 1,608 38086 
‘ sO7O6E-02 sSnZ7EWNS 26.93 24.54 
wena 42078 ene 7934E-02 M2ee-03 27.56 25.08 
nu 02 1s733 19268 . . : . 
.13098-01 sSi55E-03 Za.20 25.66 
45.88 16806 Soaig : 
e1240E-04 *4882E-03 28,86 26.26 
WP et 16466 19533 
AS19602 -5981E-93 29.39 26.75 
peene pea pita 1569E-01 Gi77E-03 29.94 27.22 
50607 1.97% 39795 % ¢ , 
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TABLE D1-37 


SPECT nd 3« 
ALLO 
SPECINEN al i # ti 
Gohke Ra tores 
ati t 
seléinent KNESS A 
: Saas | ssh u 
ve 
a "ay URE? 
KWAK) 3958 CYCLES PRIOR i tie 33.96 HPA SORTCHDC 30.98 ee ase 
CRACK LENGTH TACAD /DELTAIH r 
ott ata cveLes nu seaeie COTA MeyCLE weeedahtnre’s Age eSzar tw 
Sate aa res 149 0E*02 oSOB4E-04 16.63 16.96 
Sects ag ae eA PSIE-C2 26900E-06 19,86 17.89 
gia cn as o2996E-02 st 1808-03 20.58 16.66 ‘ 
civar aie aa e2hO0E=02 297636208 21.26 19.33 
ie, 9 hak isis oS670e-02 oA hbSE~03 22.91 19094 
eae pe sae o3405E-02 oL340E-83 22,50 20055 
iota tae nase sh6G1E-02 o1827E-03 23023 21.86 
‘lak an ouae -Shbbe-02 +2230E-03 23.96 21.75 
vats ase saie »6618E-92 + 2606E-03 24.57 22036 
tat ek ra o620NE-02 +2heeE~O3 25,22 22.498 
seas me ee 26866€-02 +2696E<03 25,90 23.87 
seins pots saa «305SE-08 +b$S2E-08 26.56 Zee ‘ 
Mice aaj sear s21L3E-02 +h 3628-83 27.36 Beez 
ised ee sits 12608904 oh OSLE<03 27040 25.30 
vias oes sas oi232E~02 ehasze~os 28.56 25.99 
si aaa cai o1SH2E-01 o5282E-93 29.90 26.85 
RAGE ae sai e1826E-04 »7108E=03 39.54 27077 
- F 
$547 eas aoe o2359E-0 o9287E=03 31.68 28.80 
SPECTH Noteneey yed3r3 
SPECTIHEN of aiEata Alar lip 5a i 
cong iaalart tie 
spleinen THicene ses 3 HY i 
masini SET ‘ sobs P whe E3888 
cycues yo"Ei toa “et i 
K(HAX) AT CYCLESTBSTOR FO FALLUREE 45.46 HOA SORTCMDG Hte37 KSI SeRT EL 
.] 
CRACK LENGTH tata Ta g5Te r 
on t ty, cvcLes wns BER TE A eee cee HPA SORIA RST SGA CEM) 
Kh an ki oL1S3E-0t ohS3BESO3 20.63 25.80 
eA beens as 1539804 +6060E-03 29,98 2726 
aise ies sea vA SGZE+0L +7 329E~93 34,29 20049 
ae eva a o2bBSE~02 s97O3E-83 32.50 29.87 
‘ 
rae ek sic o324s€-02 s4264E-02 33.82 38.78 
pee sige are on PAteeds o4O82E-62 15.47 32028 
es cay sts shAhOSE-04 oLO46E-62 37.29 33096 
° . 
bE- ‘ 
Hares nee a eh 26tE000 +4966E-02 60.73 3P.07 
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nARAAAUnwaxnrtinntasa nA 
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Alloy: 2024-1861 Stress Ratio: .50 Frequency: 200 cpm 


Thickness: 1.60 mm (.063 inch} Constraint: Unstiffened 
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TSBL~OZTZ ONY 198L-F2Z 
YOd VIVO SOINVHOSW UNLOVE 


1H0d3u TVNIJ 


HL6T PIO 


€S1ti3 IGR 


Deepen es nae A ame a IM Hap TE ae earned oe Ee See ee PES in Nir 
eee Cee Net ar Te 


FINAL REPORT 


FRACTURE WECHANICS DATA FOR MOC E1153 
2024=T861 AND 2124~T851 October 1974 


SECTION D2 - - FLAW GROWTH RATE DATA 
FOR 3.18 mm (.125 INCH) THICK 2024-7861 
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TABLE D2-1. | SUMMARY OF SPECIMEN TEST CONDITIONS FOR 
200 CPM TESTS OF 3.18 mm (.125 INCH) THICK 2024-T861 


Test Stress Constraint Test Specimen Data Table Fiqure 
Temperature _Ratio Direction Joke Dees Oo NO SIND 
oe (OR) 

144 (No) -05 Stiffened L 125-212 02-2 com 
125-112 02-3 02-1(a 

T 125-4T2 D2-4 ae 

125-6T9 D2+5 D2-1{b 
+50 Stiffened L 125-213 D2-6 ata 
125-119 2-7 D2-2{a 

T 125-5T1 02-8 D2-2 (b} 

125-775 02-9 02-2 (b) 
-05 Unstiffened L 125-2113 B2-10 mt 
125-2L1 D2-11 D2-3{a 

T 125-5T2 D2-12 D2-3(b) 

125-478 02-13 D2-3(b) 
298 (Argon) .05 Sti*fened L 125-2L6 02-14 02-4(a) 
125-1L3 D2-15 D2-4(a) 

125-3L3 D2-16 N2-4(a) 

T 125-4T9 D2-17 D2-4(b) 

125-5712 D2-18 D2-4(b) 

125-3TA D2-19 02-4 (b) 

125-5111 D2-20 = D2-4(b) 

-50 Stiffened L 125-118 02-21 D2-5(a) 
125-1112 D2-22 02-5 (a) 

125-2L14 D2+23 D2-5(a} 

T 125-3T10 02-24 02-5(b 

125-4711 D2-25 N2-5(b 

125-573 D2-26 N2-5(b) 

295 Unsti ffened L U125-2L7 02-27 D2- (a) 
U125-1L13 D2-28 D2-6 (a) 
U125-4L2 D2-29 D2-6(a) 

T U125-6T5 02-3) D2-6(b) 

U125-3T?2 D2-31 D2-6(b) 
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298 (Wet Air) 


422 


450 


478 


Stress 
Temperature Ratio 
(°K) 


.05 


05 


05 


-05 


50 


-05 


-05 


05 


FINAL REPORT 


TABLE D2-1. 
Constraint 


Unstiffened 


Stiffened 


Unstiffened 


Stiffened 


Stiffened 


Unstiffened 


Stiffened 


Unstiffened 


(CONTINUED) 
Test 
i 


0-71 


WOC E1153 
October 1974 


a 


Specimen Data Table Fiaqure 
20. eS NG Now. 


U125-1L10 2-32 N2-6(a) 
U125-2L1N 02-33 02-6(a) 
U125-5L1 D2-34 02-6 (a) 
U125-5T4 02-35 D2-4(b) 
U125-6T6 D2-36 eee 
U125-1T1 02-37 02-6 (h 
125-1L6 2-38 be-7 (a) 
125-6L1 2-39 2-7 {a 
125-373 2-40 D2-7(b) 
125-473 2-41 D2-7(b) 
U125-1L11 02-42 D2-9(a) 
U125-4T7 D2-43 D2-9(b) 
125-1L14 2-44 a) 
125-6L6 2-45 02-7 {a 
125-378 02-46 b2-7(b} 
125-4T10 02-47 02-7(b 
125-219 02-48 bee 
125-1L7 02-49 p2-8la 
125-6T3 2-50 ea) 
125-317 D2-51 p2-8(b) 
U125-6L2 D2-52 03-9 {a} 
U125-2L8 2-53 p2-9(a 
125-5T5 2-54 D2-9(b) 
U125~2T2 02-55 02-9(b) 
125-114 02-56 ee 
125-1L5 2-57 D2-7 {a 
125-577 2-58 a 
125-579 2-59 p2-7(b 
U125-1L15 02-60 D2-9(a) 
U125-5T10 “02-61 D2-9(b) 
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TABLE D3-1. SUMMARY OF SPECIMEN TEST CONDITIONS FOR 
200 CPM TESTS OF 6.35 mm (.250 INCH) THICK 2024-1861 


Test Stress Test Specimen Data Table Figure 
Dear hells Ratio Direction 1.0. No. No. 
144 (No) .05 L 250-114 03-2 N-1 (a) 

250-241 N3-3 b3-i (a) 

T 250-173 D3-4 D3-1(b) 

250-274 D3-5 03-1 (b) 

298 (Argon) .05 L 250-413 D3-6 N3-? (a) 
250-3L1 D3-7 D3-2 (a) 

T 250-271 D3-8 N3-2(b) 

250-279 D3-9 D3-2(h) 

250-2T5 D3-10 N3-2(b) 

.50 L 250-319 3-11 D3-3 

298 (Wet Air) .05 L 250-3L3 03-12 N3-4(a) 
250-143 3-13 03-4(a) 

250~2L2 03-14 Nz-4(a) 

T 250-2711 03-15 3-4(b) 

250-1T9 N3-1A N3-4{b) 

250)~3T2 3-17 N3~-4(b) 

422 .05 L 250-111 D3-18 03-5(a) 
250-4L2 03-19 03-5(a) 
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emperature Ratio on I.D. Table No. No. 

ok) Direction Alloy 1.0. JTable No, _to 

298 (Argon) 05 T 2024-T861 250-4T6 D4-? D4-1 {a} 
250-374 D4-3 D4~1 a) 

2124-T851 277-253-3 D4-4 N4-1(b 

3T3-256-2 D4-£ D4-1(b 

1T4-259-3 D4-6 D4-1(b 

298 (Wet Air) .05 2024-T861 250-1T12 D4-7 D4-1(a’ 
250-1T11 D4-8 D4-1(a$ 

250-1T8 p4-9 D4-1 (a) 

2124-T851 3T5-253-2 D4-10 p4-1(b) 

512-256-2 D4-11 pa-7 a 

2T6-259-~2 04-12 D4a-1(b 

450 .05 2024~-T861 250-1Tl D4-13 N4-2(a) 
250-2T2 D4-14 p4-2 2 

250-276 D4-15 D4-2(a 
2124-7851 9. 2T4-253-1 04-16 ets 

1T6-256-3 04-17 D4-2(b 
515-259-1 D4-18 D4-2(b) 
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Test 
Temperature Stress Test Specimen Data Table Figure 
(°K) Ratio Direction 1.0. No. No. 
144 (No) .05 L 2L2-256-1 05-2 a 
3L2-259-2 D5-3 D5-1{a 
T 2T3-256-1 D5-4 Healt 
2T1-259-1 D5-5 D5-1(b 
50 L 3L1-253-1 D5-6 at 
2L1-256-3 D5-7 D5-2(a 
3L2-259-3 D5-8 D5-2(a) 
T 2T1-259-3 D5-9 D5-2(b) 
1T6-256-2 D5-10 D5-2(b) 
1T1-253-3 D5-11 05-2 (b) 
298 (Argon) .05 L 3L1-253-3 D5-12 D5-3(a) 
1L2-256-1 D5-13 D5-3(a} 
3L7-259~1 D5-14 D5-3(a) 
2T4-253-2 D5-15 D5-3(b 
T 1T8-256-1 D5~-16 D5-3(b 
2T4-259-3 D5-17 D5-3(b) 
50 L 1L1-253-3 D5-18 D5-4(a) 
2L.3-256-3 D5-19 D5-4(a) 
1L3-259-1 D5-20 D5-4(a) 
T 3T5-253-4 D5-21 D5-4(b) 
3T3-256-3 05-22 05-4(b) 
3T8-259~1 05-23 D5-4(b) 
298 (Wet Air) .05 L 21.2 -253-4 D5-24 sai 
3L3-256-1 D5+25 D5-3(a 
1L3-259-2 D5-26 D5-3(a) 
T 375-253-3 D5-27 D5-3(b) 
575-259-2 D5-28 D5-3(b) 
50 L 3L1 -253-2 D5-29 D5-4(a) 
1L2-256~2 D5-30 D5-4(a) 
5L5-259-2 05-31 D5-4(a) 
T 277-253-1 D5-32 D5-4(b) 
572-256-1 D5-33 D5-4(b) 
1T8-256-3 D5-34 D5-4(b) 
1T4=259-1 D5-35 D5-4(b) 
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Ti 377-456-1 D6-4 Lae 
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.50 L 4L11-456-2 D6-6 ata 

4L3-459-2 Dh-7 DR-?(a 

T 3T2-456-2 DA-8 ate 

5T4-459-1 H-9 D6-2(b 
298 (Argon) 05 L 4i.12-453-1 D6-10 D6-3(a) 
4L7-456-2 D6-11 D6~3(a) 
4L7+459-1 D6-12 D6-3(a) 

T 2T2-453-3 D6-13 D6-3(b) 
371 =456-1 6-14 D6+3(b ) 
1T2-459-1 D6-15 D6-3(b) 
. 50 L 4L9-453-1 D6-16 sat 
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4L10-456-1 D6-29 Di-4 2 

5L4-459-1 DA-30 DA-4{a 
T 1T7-453-2 D6-31 poate 

172-4562 D6-32 06-4 (b 

3T4-459-2 D6-33 06-4 (b) 
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Appendix E 
ANALYSIS OF CYCLIC TEST DATA 


The following tables contain the results of an extensive analysis of the 
cyclic test data presented in Appendix D. This data was analyzed using both the 
Forman (Equation 4-3) and the Colliepriest (Equation 4-4) model for crack growth 
under cyclic loading conditions. The analysis employed a regression/convergence — 
technique in which the rate coefficients and exponents for each mods! were deter- 
mined using least squares techniques and the Ke and AKo values vere optimized 
using iterative convergence routines. This technique is described in greater 
detail in Section 4.2.2. 

A number of conventions have been followed in the preparation of the tables 
contained in this Appendix. Failure to converge on a Ke or AKo value is donated 
by "FC". In addition, the results of each analysis are expressed in both SI units 
and the equivalent English system of units. Because the units on the coefficient 
term for the Forman and Paris rate models (i.e., C and C(P), respectively) are a 
function of the exponent term, the values of these parameters are reported in the 
appropriate data tables only as "SI UNITS" or "ENGLISH UNITS". For the Forman 
model, the coefficient term has units of | | 

(growth rate units) 
(stress intensity units)"! 


For the Paris model, this term has units of 


(growth rate units) 





(stress intensity units)" 
When reported as SI units, these parameters yield a growth rate with untts of 
m/cycle provided stress intensity has units of MPavm. When reported in English 
E-1 
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units, these parameters yield a growth rate with units of inch/cycle, provided 


stress intensity has units of ksivin. 


Since both models account for stress ratio effects, both analyses were con- 


ducted first using data from only one stress ratio (R = .05) and then using data 


from both stress ratios. Because of the large quantity of information contained 


in this appendix, the tabulated results are divided into the same sections as 


those used in Appendix D; na 


Section 


El 


E3 
E4 


ES 
E6 


Frequency 


200 
200 
200 

20 


200 
200 


Alloy 


2024-T861 
2024-T861 


2024-T861 


2024-T861 
2124-T851 


2124-T851 
2124~-T851 


og 


Thickness 

m in 
7.60 063 
3.18 125 
6.35 250 
6.35 -250 
6.35 250 
11.47 


450 
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SECTION E1. ANALYSIS OF FLAW GROWTH RATE DATA 
FOR 1.60 mm (.063 INCH) THICK 2024-T861 
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TABLE ET-1 . OPTIMIZED FORMAN RATE PARAMETERS 
FOR 1.60 mm (.063 inch) THICK 2024-T861 ALUMINUM 
(R.= .05, f = 200 cpm, BUCKLING RESTRAINED) 


TEMPERATURE 
(°K) ORIENTATION MPa_m 
144 i 63.2 
| T 44.2 
298 (ARGON) L 74,0 
T 57.6 
422 L 81.8 
T 179.8 
450 L 99.9 
T 
478 L 117.6 
T 


57.5 
40.2 
67.3 
52.4 
74.4 
163.6 
90.9 


107.0 


8214 E-12  —-. 2043 E-10 
.2142 E-10 —-. 5881 E-9 
.1554 E-8 .4851 E-7 
.8477 E-10 —-. 2444 E-8 
.9367 E-8 .3066 E-6 
.2658 E-8 .8045 E-7 
.5407 E-8 .1702 E-6 
FC 
.5975 E-8 .1897 E-6 
FC 


5.870 
4.825 
3.461 
4.438 
2.958 
3.788 
3.262 


3.284 


eS = =§ i == SAV 


-078 
14) 
-031 
109 
- 196 
.078 


182 
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TABLE E1~-2 
OPTIMIZED COLLIEPREEST RATE PARAMETERS FOR 1.60 mn (.063 INCH) THICK 2024-1861 ALUMINUM 


(.05 stress ratio, 200 cpm frequency, buckli ng restrained) 


EQUATION (4-2 EQUATION (4-4 
TEMPERATURE AK, 





q 
(°K) . ORIENTATION MPav‘m ksi Vin MPavn iE SEUNITS ENGLISH UNITS Lo. SLUNITS ENGLISH UNITS %(P) 


144 L * * FC * * 
T 12.4 W420 43.9 39,9 .3950 E-5 = LTSS5 E~3 3.609 16483 E-13. 14365 E-11 
294 (AFSON) L 7.8 7.1 79,5 72.3 .2295 £-5 «9034 E-4 = 4.238 1829 E-10. 1016 E-8 
Tt * * Fe * * 
422 L 8.6 7.9 86.2 78.5 .3270E-5  .1287 £-3 3.669 .8576 E-10 4561 F-8 
T * * : FC * * 
450 i: 1.4 1.3 145.6 132.5 4155 E-6 ©1636 £-4 ©7372 18126 E10 .4323 E-8 
T 8.1 7.3 102.0 92.8 .5302 E-5 + .2087 E-3. 4.337 5493 E-10 ©. 2985 E-8 
478 L 3.9 3.5 166.8 151.8 .2675£-5 © .1053£-3 6.524 .3587 E-10  .1958 E-8 
T 


* 
5.695 


3.652 
* 


3.190 
* 
3.195 
3.420 
3.468 


* 


STND. 
DEV. 


-054 
183 
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TEMPERATURE 
oe i 9 eee 
144 


298 (ARGON) 


298 (WET) 


422 


450 


478 


+ NO SPECIMENS TESTED 


4Horearedagrearsatresa 





TABLE E1-3 OPTIMIZED FORMAN RATE PARAMETERS 
FOR 1.60 mm (.063 inch) THICK 2024-T861 ALUMINUM 


(R = .05, f = 200 cpm, BUCKLING UNRESTRAINED) 


ORIENTATION MPa_m 


—$— 


55.1 
16.7 
53.0 
67.5 
50.1 
65.6 


80.1 
71.5 
85.9 
67.1 


c 
ksi_in SI_UNITS ENGLISH UNITS 
FC 
60.1 .4021 E-12. «9647 E-11 
69.8  .2894 E-9 .8557 E-8 
48.2 .4975 E-9 .1489 E-7 
61.4  .6670 E-9 .2013 E-7 
45.6  .6631 E-9 .2005 E-7 
59.71  .3787 E-7 .1302 E-5 
| NT 
72.8  .2416 E-7 8124 E-6 
65.0 .1154 E-6 .4040 E-5 
78.2 3206 E-8 .1013 E-6 
61.0 .1098 E-6 .3859 E-5 


2.671 
2.248 
3.337 
2.206 
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TABLE E1~4 
OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 1.60 mm (.063 INCH) THICK 2024-1861 ALUMINUM 


(.05 stress ratio, 200 cpm frequency, buckling unrestrained) 


EQUATION (4-2 EQUATION (4-4 
TEMPERATURE ok, K —————ERETTON (802) __EQUs710W (4-4) ___ STND. 


EN RSE 


144 L * * FC ak, * * 
T * * FC ak, * * 
294 (ARGON) L 6.2 §.6 988.3 77.6 - 1676 E-5 6598 E~4 5.640 9.3119 E-11 -1827 E+9 
T 6.1 §.6 59.3 54.0 - 1497 £-5 -5892 E-~4 4.868 -.4824 £-11 ~2845 E-9 
294 (WET) L * * FC ak, * * : 
T * * FC AK, * * 
422 L 12.3 11.2 66.0 60.1 3891 £-5 -1532 E-3 2.580 =. 1297 E-9 -6822 £-8 
T NT* 
450 L 11.8 10.7) 81.8 74.5 -4978 E-5 -1960 E-3 3.053 © .9964 E-10 -5279 E-8 
T 10.0 9.1. 73.1 66.5 ~4488 E-5 1767 E-3. 2.807 = =.3965 E-9 -2038 £-7 
478 L * * FC 4k, * bl 
T * * FC ak, * . 


* NO SPECIMENS TESTED 


: c 3 
(°K) ORIENTATION MPav/m ksiV/in MPaV/m ksiV/in SI UNITS ENGLISH UNITS C2 SI_UNITS ENGLISH UNITS N(P) 


* 


* 


4.214 


4.289 


3,077 


3.149 
2.829 


DEV. 


* 


* 


-026 
123 


-024 
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TABLE E1-5 OPTIMIZED FOREMAN RATE PARAMETERS 
FOR 1.60 mm (.063 inch) THICK 2024-186? ALUMINUM 
(R = .05 & .50, f = 200 cpm, BUCKLING RESTRAINED) 


TEMPERATURE | K. c 
(°K) ORIENTATION MPa _m ksi_in SI UNITS ENGLISH UNITS 

144, L 61.2 «55.7 8357 E-10 «2356 E-8 
| T 42.9 39.1. -.1487 E-8 .4628 E-7 
298 (ARGON) L 72.8 66.3 .2659.E-8 -8404 E-7 
T 45.4 41.3. —-.1105 E-8 .3439 E-7 
450 L 107.7. 98.0 8206 E-8 .2630 E-6 
T 74.8 68.0 .1451 E-7 4784 £-6 
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TABLE E1-6 
OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 7.60 mm (.063 INCH) THICK 2024-T861 ALUMINUM 


(.05 & .50 stress ratio, 200 cpm frequency, buckling restrained) 


TEMPERATURE ak, K. = po <0) an STND. 
(°k) ORIENTATION MPavm KsiVin MPavm ksivin SI_UNITS ENGLISH UNITS C2 SI UNITS ENGLISH UNITS N(P) DEV. 
144 L 6.3 5.7 65.6 59.7 .1130 £-5 4449 E-4 5.733 4661 E-12 .2908 E-10 4.885.176 
T 9.7 8.8 42.8 38.9 .2779 £-5 .1094 E-3. 2.366 1840 E-9  .9787 E-B 3.193.168 
294 (ARGON) L 5.1 $6. 79.2 72.1  .1023 E-5 4026 E-4 4.457 .6064 E-10 .3242 E-B 3.245.165 
T 5.7 5.2 48.0 43.7 .6442 £-6 .2536 E-4 3.812 .2939 £-10 .1619 £-8 3.567 «105 
450 L 4.8 4.4 .110.1 100.2 .1957 E-§ TI04 E-4 4,191 4480 F-72270 E-7 2.657.227 
T 7.7 7.0 76.5 69.6 .2957 E-5 .1164 E-3. 3.088 .5405 £-9 .2764 E-7 2.696.134 
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SECTION E2. ANALYSIS OF FLAW GROWTH RATE DATA 
FOR 3.18 mm (.125 INCH) THICK 2024-T261 
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TEMPERATURE 
sof) S 
144 
298 (ARGON) 
422 
450 


478 


TABLE E2-1 OPTIMIZED FORMAN RATE PARAMETERS 


FOR 3.18 mm (.125 inch) THICK 2024-1861 ALUMINUM 


(R = .05, f = 200 cpm, BUCKLING RESTRAINED) 


cha be rama PA hei od a Tepe AE SAM ORGAN Rt 


K c 
ORIENTATION MPa _m VEG ST_UNITS 
L 60.0 54.6  .5756 E-11 
T * FC 
L 61.5 56.0  .4234 E-10 
T 41.9 38.1  .1767 E-11 
aoe * FC 
T 88.1 80.2  .7581 E-8 
L * FC 
T 133.8 121.8  .1189 E-7 
L * FC 
T * FC(Ke) 


ENGLISH UNITS 


- 1503 E-S 


-1174 E-38 
-4475 E-10 


-2396 E-6 


-3743 E-~6 


=, 


5.359 
* 
4.718 
5.680 


* 


3.331 


* 


3.374 


STND. 


DEV. 


-086 


-096 
-G86 


-091 


-070 
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TABLE £2-2 
OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 3.18 mm (,125 INCH) THICK 2024-1861 ALUMINUM 


(.05 stress ratio, 200 cpm frequency, buckling restrained) 


EQUATION (4-2) EQUATION (4-4) 
STND, 








ee ORIENTATION weave ivi MPpav/n Siva SI_UNITS ENGLISH UNITS Co SI_UNITS ENGLISH UNITS N(P). DEV. 
144 L 12.4 1.3 66.9 59.0 .1098 £-4 4323 6-3 4.836 .3530 E-13 2417 E-11 5.846.081 
, T * * FC * * * * 
294 (ARGON) L 5.7 5.2 71.3 68.9 .1483 E-5 5838 E-4 6.136 6514 E-12 4058 E-10 4.868.093 
T 6.7 6.1 46.8 42.6 .9004E-6  .35456-4 5.832 .2742 E-13 1903 E-1) 6.016 .085 
422 L : * FC(AKo) = , se ot 
T 13.4 12.4 «89.9 «81.8 .208B E-4 = «8220 E~3. 3.369 7294 E-10  -A0TD E-8 3.541.073 
450 L 13.6 «12.4 «180.4 «164.2 3596 E-4 «= «1416 E-2 3.510 9084 E-9 A619 E-7 2.713.046 
T 12.4 W.3 123.2 112.2 .3097 E-4 «=. 1219 E-2, 3.819 1583 E-9 =. B525 E-B 3.324.055 
478 L 11.3 10.3 196.8 «179.1354. E-S = 1394 E-2 4.310 3012 E~9 = 1629 E-7_ 3.020.031 


T 12.2 11.1 150.6 137.1 3469 E-4 -1366 E-2 3.683 .5860 E-9 -3040 E-7 2.925 .069 
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pled 


TEMPERATURE 
ies Ce.) Sie 
144 

298 (ARGON) 
298 (WET) 
422 


450 


478 


TABLE 2-3 





OPTIMIZED FORMAN RATE PARAMETERS 
FOR 3.18 mm (.125 inch) THICK 2024-T861 ALUMINUM 


(R =..05, f = 200 cpm, BUCKLING !‘3RESTRAINED) 


ORIENTATION 


L 


ee Oe es Oe | 


MPa_m ksi_in SI_UNITS ENGLISH UNITS 


——— a A EN, 


58.4 53.2 -9268 E~12 


§2.1 


ae FC(K,) 
* FC 
47.4 -1299 E-11 


66.0 60.0 - 1950 E-5 
37.4 34.1 -4325 E-9 


133.90 121.0 -1945 E-7 


99.7 


90.8  .4281 E-7 


2284 E-10 


-3223 E-10 
-5622 E-8 
. 1305 E-7 


-6280 E-6 
- 1416 E-5 


5.893 
4.306 
3.819 


3.103 
2.848 
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TABLE E24 


OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 3.18 mm (.125 INCH) THICK 2024-1861 ALUMINUM 


(.05 stress ratio, 200 cpm frequency, buckling unrestrained) 








TEMPERATURE Ak, k. 
(°k) ORIENTATION MPaWm ksiVin MPaVm ksiV/in SI UNITS ENGLISH UNITS Lo 
143 L 6.5 5.9 70.9 64.5 .2008E-5 .8245 £-4 7.419 
T 15.3 13.9 39.6 36.0 1400 t-4 «5573 E-3 3.889 
294 (ARGON) t 7.6 6.9 96.4 87.7 .9938E-5  .3912£-3 6.589 
T * * FC(AKy) * 
29% (WET) t 0.55 0.50 82.9 75.4 .2892 £-7 3139 E-5 8.42 
q . . FC(aKq) Z 
422 L 12.4 N.3. 92.2 83.9 .1459 E-4 15746 E-3 3.886 
T * * FC(AKy) ~ * 
| 450° L 12.2 V.Y 328.6 © 117.0 2006 E-4 = 7896 E-3. 3.770 
T 13.3 12.1. 1020 92.9 .2157 E-4 8492 E-3 3.163 
- 47g L * * FC(AKy) * 
T ® * FC(K.) * 


SI_UNITS 

-1180 E-13 
-5963 E-16 
-3938 E-12 


-4868 £-10 
-1723 E-10 


-1536 E-9 
+2970 E-9 


.8331 E-12 6.199 
5073 E-14 8.173 
.2520 E-10 5.165 

* * 
..2628 E-8 3.350 

* * 
.9776 E-9 3.876 

* * 
8175 E-8 3.202 
.1567 E-7 3.108 

¥ oo 

* * 


EQUATION (4-2) sce (4-4) 
C STND. 


ENGLISH UNITS N(P) 


DEV. 
084 
.032 
384 
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TEMPERATURE 


pra si.) lear 


144 


298 (ARGON) 


450 


TABLE £E2-5 OPTIMIZED FORMAN RATE PARAMETERS 


FOR 3.18 mm (.125 inch) THICK 2024-1861 ALUMINUM 
(R = .05 & .50, f = 200 cpm, BUCKLING RESTRAINED) 


K 

ORIENTATION MPa_m ksi _in 
L 56.4 51.3 
T * 
L 71.7 65.3 
T 48.3 44.0 
L 129.1 117.5 
T 102.0 92.8 


C 
SI_ UNITS ENGLISH UNITS 
- 1016 E-8 3055 E-7 
FC(Ke) 
3321 E-9 9567 E-8 
-7854 E-10 -2147 E-8 
. 1589 £-6 5424 E-5 
-4697 E-7 -1505 E-5 


mae 


3.856 


4.314 
4.868 
2.514 
2.956 


STND. 


DEV. 


-309 


. 345 
-700 


356 
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TABLE E2-6 
OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 3,18 mm (.125 INCH). THICK 2024-1861 ALUMINUM : 


(.05°& .50 stress ratio, 200 cpm frequency, buckling restrained) 








TEMPERATURE ak, K. : a = : cry = STND. 
(°K) ORIENTATION MPa\/m ksiVin MPaVm ksiVin SIUNITS ENGLISH UNITS C,_ SI UNITS ENGLISH UNITS N(P) DEV._ 
144 crake 5.7 6.2 6le2 «5567-1290 E-5 = 5080 E-4@ = 5.116 4172 F-12467 E-9 4.317. .180 
T * * FC( aK) * * * * 
294. \ARGON) L 4.6 4.2 78.9 71.8 .1442 E-5 (5678 E-4 5.981 .5612 E-1] 3289 E-9 4.221.254 
T 3.1 2.8 56.5 49.6 .2202 £-6 -8671 E-5 6.970 .8386 E-12 5222 E-10 4.863 228 
450 L * * FC(aKy) * * * * 
T * * FC(AKy) * * * * 
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SECTION £3. ANALYSIS OF FLAW GROWTH RATE DATA 
FOR 6.35 mm (.250 INCH) THICK 2924-7861 


PRECEDING PAGE BLANK NOT FILMED 
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TABLE E3-1 OPTIMIZED FORMAN RATE PARAMETERS 
FOR 6.35 mm (.250 inch) THICK 2024-1861 ALUMINUM 
(R = .05, f = 200 cpm) 











1581-0212 GWY 1981-8202 


£ 


2s" * ANVAWOD SIINYNOULSY 


sv pnod T1zNNOCGIY 


02-3 


TEMPERATURE Ko C STND. 
(°K) ORIENTATION MPa _m  ksi_in SIUNITS ENGLISH UNITS n DEV. 
144 L 52.2 47.5 4946 E-16 .9022 E-15 9.163.147 
i 35.3 32.1 .3804 E-18 .5859 E-17 10.956 = .672 
296 { ARGON) L FC(Kc) * * 
| T 28.1 25.6  .1562 E-11 .4030 E-10 5.485 .048 
298 (WET) L 28.5 25.9  .9966 E-8 .3432 E-6 2.421 .013 
7 FC(Kc) * . 
422 L 158.7 144.4  .4776 E-8 .1479 E-6 3.549 .123 
T 81.6 74.3. 1617 E-11 -4103 E-10 5.659 .053 
450 L FC * * 
T FC * * 
478 L FC * * 
. FC * * 
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ié-3 


TABLE E3-2 
OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 6.35 mm (.250 INCH) THICK 2024-1861 ALUMINUM 
{.05 stress ratio, 200 cpm frequency) 


—— EQUATION (4-2 EQUATION (4-4 
TEMPERATURE ak K —__ fgg 8)______ Sippy ae —————— STAD. 








(°K) ORIENTATION MPav/n— ksiVin wPavn ksiVin SI_UNITS ENGLISH UNITS £,__ SLUNITS ENGLISH UNITS N(P) DEV. 

144 L : . FC * * * * 
T * * FC(AK,) * * * * 

294 (ARGON) L ry. % . FC(AKy) ° , 1 . 
T * + FC{AKy) * * * w 

298 (WET) L 0.09 0.08 36.9 33.6 .4018E-8 1582 £-6 5.509 .1387 E-8 = 6301 F-71830 012 
T * * FC(aK,) * * * * 

422 L : 5 FC(Ke) * * & * 
T 8.5 7.7. WW1.0 101.1 .7762 E-5 «3056 E~3.- 7.920 .5536 E-14 «3899 E12 6.153.058 

450 L 11.8 10.7 -138.2.--125.8 .9703 E-4. 3820 F-25776 «2815 E~T} = 1725 E-9 4.693.042 
T * * FC * * * * 

478 L * ‘ FC(K,) : ‘ “ . 
T * . FC 8 8 * * 
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SECTION E4. ANALYSIS OF FLAW GROWTH RATE DATA FOR 6.35 mm (.250 INCH) 
THICK 2024-T861 AND 2124-T851 (CYCLIC FREQUENCY: 20 CPM) 
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LSU *ANVAWOD SIMNAUNOULSY SYUTINGIG TIANNOAGIW 


be-J 


TEMPERATURE 
( °K) 
298 (ARGON) 


298 (WET) 


450 


TABLE 4-1 


OPTIMIZED FORMAN RATE PARAMETERS 


FOR 6.35 mm (.250 inch) THICK 2024-T861 AND 2124-T851 ALUMINUM 


ALLOY 


2024-T86} 
2124-785] 
2024-T861 
2124-T851 
2024-1861 
2124-T851 


(R = .05, f = 20 cpm) 


K C 
c 


MPa _ m  ksi_in SI JNITS ENGLISH UNITS 


* FC(Ke) 
57 45 52.3 .3521 E-12 .8704 E-11 
25.3 23.0 .6746 E-8 .2307 E-6 
61.0 55.5 -9289 E-12 -2348 E-10 
132.8 120.8 -1791 E-9 .4887 E-8 
99.3 90.3 -8477 E-8 -2743 E-6 


ete 


5.938 
2.496 
5.701 
4.889 
3.081 


STND. 


DEV. 


-661 
.036 
-485 
-025 
.036 
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TEMPERATURE 
— CH 
294 (ARGOK) 


294 (WET) 


450 


TABLE E£4-2 


OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 6.35 mm (.250 INCH) THICK 2024-T861 AND 2124-1851 ALUMINUM 


ALLOY 


2024-T861 
2124-T851 
2024-1861 
2324-185] 
2024-T861 
2124-T851 


K 
a) 


(.05 stress ratio, 20 cpm frequency) 


K 


EQUATION (4-2) EQUATION (4-4) 
T 


ENGLISH UNITS 1(P) 


6 
MPaVvm ksiVin MPav/m ksiV/in SI UNITS 


7.7 


4.0 
7.4 


7.0 


3.6 
6.8 


25.3 


201.6 
116.8 


23.0 


183.5 
106.3 


-4453 £-6 


2046 E-4 
64119 E-5 | 


ENGLISH UNITS 


FC Ak, 

FC ak, 
.1753 E-4 

FC 4k, 
-8056 E-3 
-1621 E-3 


C 


Pcl a 


* 


* 


2.259 


9.914 
4.723 


ST UNITS 


.1993 E-10 


-9227 E-12 
-3777 E-10 


-1122 E-8 


-5B5T E-1G 
2058 E-8 


* 
* 
3.799 
* 
5.056 
3.429 


STHD. 


DEV. 


-037 


-026 
-035 
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SECTION £5. ANALYSIS OF FLAW GROWTH RATE DATA 
FOR 6.35 mm (.250 INCH) THICK 2124-7851 
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TEMPERATURE 


(°K) 


144 


298 (ARGOH) 


298 (WET) 


422 


450 


478 


TABLE E5-1 OPTIMIZED FORMAN RATE PARAMETERS 


FOR 6.35 mm (.250 inch) THICK 2124-T851 ALUMINUM 


ORIENTATION 


ar arate 


Cc 


(R = .05, f = 200 cpm) 


MPa m 


103.1 
58.2 
95.3 
53.2 
99.6 
40.9 

203.4 


108.5 


ksi in 


93.8 
53.0 
86.7 
48.4 
90.7 
37.2 
185.1 


98.7 


SI UNITS 


C 


.6724 E-11 
.4802 E-12 
.4152 E-0 
.2643 E-10 
-1015 E-7 
.9913 £-8 
.3636 E-8 


FC 


.8441 E-8 


FC(Ke) 
FC 
FC 


ENGLISH UNITS 


. 1833 E-9 
.1205 E-10 
el25a E=7 
.7421 E-9 
-3330.E-6 
.3336 E-6 
.1145 E-6 


.2734 E-6 


pa Lite 


4.899 
5.774 
3.822 
4.585 
2.935 
2.666 
3.373 


3.071 


STND. 


DEV. 


634 
114 
111 
316 
.066 
-065 
036 


.019 
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TABLE E5-2 
OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 6.35 mm (.250 {NCH) THICK 2124-1851 ALUMINUM 


(.05 stress ratio, 200 cpm frequency) 


EQUATION (4-2) EQUATION (4-4) 
TEMPERATURE ok K "4 STND. 


2) ORICHTATION weave ksiVin pan ksi Vin SI_UIITS ENGLISH UNITS _C,__  ST_UNITS ENGLISH UNITS N(P) DEV. 
144 L , : FC * * * * 
T * * FC(Kg) * * * s° 
294 (ARGON) L 8.4 7.7 106.2 96.7 .2831 E-5 1114 £-3.— 5.032. .3907 E-11 2223 E-9 3.971.116 
T 3.1 2.8 60.4 65.0 .1282 E-6 5048 E-5 6.330 .2027 E-11 = .1187 E-9 4.239.300 
294 (WET) L 4.4 4.0 136.3 124.1 .1598 E-5 6290 E-4 5.583 .4934E-10 .2639 £-8 3.249 .068 
T 12.4 11.3 40.2 36.6 .2283 E-5 8988 E-4 2.035 .4873 E-10 .2659 E-8 3.462 .065 
422 L * FC(2Ko) r . ” « 
T * * FC * * * * 
450 L + * FC(&Kg} i - : ¥ 
r 10.2 9.2 87.0 79.3 .7137 E-5 2810 E-3. 4.054 .1967 E-10 1105 E-8 +=. 3.775.093 
478 L 16.0 14.6 290.4 264.3 .2454 E-4 -9660 E-3 3.551 .7799 E-9 3869 E-7 2.452.018 
T * * FC(*Ky) * * * * 
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TEMPERATURE 
(°K) 

144 

298 (ARGON) 


298 (WET) 


405, 


TABLE £5-3 OPTIMIZED FORMAN RATE PARAMETERS 


FOR 6.35 mm (.250 inch) THICK 2124-T851 ALUMINUM 


(R= .05 & .50, f = 200 cpm, BUCKLING RESTRAINED) 


ORIENTATION 


L 


qa ra Fr Ae 4 


MPa _m 
102.2 
62.9 
93.7 
66.8 
85.2 
67.0 
125.6 
141.7 


ksi in 


93.0 
57.2 
85.3 
60.8 
77.5 
60.9 
114.3 
129.0 


C 
SI UNITS ENGLISH UNITS 
.7572 E-9 .2286 E-7 
.2583 E-10 .6957 E-9 
.2790 E-8 .8770 E-7 
.2030 E-9 .5883 E-8 
. 1067 E-7 .3535 E-6 
.2953 £-9 .8468 E-8 
.9771 E-8 .3154 E-6 
.4280 E-8 .1319 E-6 


3.816 
5.026 
3.389 
4.252 
2.834 
4.362 
3.107 
3.596 


STND. 


DEV. 


.855 
.879 
-408 
536 
150 


- 409 


047 


102 - 
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eSt13 OW 
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LOVE *ANVAWOD SIINWNOWLEY SYTIONROG Wiannodgay 


te=3 


TEMPERATURE 


(°K) ORIENTATION 


144 


294 (ARGON) 


296 {WET} 


450 


L 


4re4 


c- 


TABLE E5~4 


OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 6.35 mm (.250 INCH) THICK 2124-1851 ALUMINUM 


1.04 





ak, 


MPavm ksiVin 


95 


1.67 


7.8 


8.2 
8.2 


(.05 & .50 stress ratio, 200 cpm frequency) 


K 


Cc 
mPavin ksiVin SI_UNITS 


120.1 


155.2 
77.7 
96.1 


100.6 
114.9 


109.3 


141.2 
70.7 


87.4 


91.5 
104.5 


EQUATION (4-2) 
C 


1 
ENGLISH UNITS 





13302 E-7 —-.1300 E-5 
FC( Ko) 

2341 F-6 ——-.9217 E-5 

13772 E-5 «1485 E-3 

2137 F-58413 E-4 
FC(Ke} 

4025 £-5 1585 E-3 

8421 E-5 3315 E-3 


cr 


a9 


8.897 
* 
8.883 
5.000 
3.834 


3.030 
3.591 


EQUATION (4-4) 
c(P) 


SI_ UNITS 
-5818 E-11 


.2886 E-1) 
1467 E-31 


-9947 E-10 


.7612 E-9 
-4731 E-9 


ENGLISH UNITS N(P) 





-3210 E-9 


. 1657 E-9 
.8857 £-10 
-5208 E-? 


.3799 E-7 
.2430 E-7 


3.580 
* 
4.002 
4,539 
3.025 


2.516 
2.820 


STND. 
OEV. 


330 


229 
-469 
125 


186 
218 
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SECTION E6. ANALYSIS OF FLAW GROWTH RATE DATA 
FOR 11.47 mm (.450 INCH) THICK 2124-T851 
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TABLE E6-1 OPTIMIZED FORMAN RATE PARAMETERS 
FOR 11.43 mm (.45@ inch) THICK 2124-T851 ALUMINUM 
(R = .05, f = 200 cpm) 


1SBL-9Z12 ONY 1981-8202 


48902 * AP VAWOD solnwnosssy sv toncda WIANNOQCIW 


vE-3 


TEMPERATURE 2 c STND. 
—(ek)_—=sCORTEWTATION MPa_m ksi_in ST_UNITS ENGLISH UNITS _n_ DEV. 
144 L 83.5 76.0 1604-12 .3946E-11 5.992.084 
T FC(Ke) * * 
298 (ARGON) L 100.8 91.7 4824 E-10 «1360 E-B «4.542.230 
T 47.4  43.1—«. 1410 E-9 4226 E-8 3.900.122 
298 (WET) L 86.7 78.9 .1694E-8 5276 E-7 3.489.087 
T 66.3 60.3 -2794 E-10 «7695 E-9 = 4.791 «548 
422 L , FC(Ke) * * 
T FC(K) * = 
450 L 99.2 90.3 .81I9E-8 2637 E-6 = 3.040.053 
T 67.1 61.1 3724 E-9 1109 E-7 3.964.255 
478 L FC(K,) * * 
T 95.5 86.9 .3113E-8 9781 E-7 3.394.059 


§? 
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TABLE £6-2 
OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 13.42 mm (.450 INCH) THICK 2124-1851 SLUMINUM 


(.05 stress ratio, 200 cpm frequency) 


EQUATION (4-2) EQUATION (4-4) 
C STHD. 


¢ 1 
siVin SI UNITS ENGLISH UNITS So SI UNITS ENGLISH UNITS N(P) DEV. 


TEMPERATURE aK, : 


{°K} ORIENTATION MPavm ksiVin MPaVm 





144 L * * FC(aK) * * * * 
T * * FC(aKg) * * * * 

294 (ARGON) L : * FC(K,) * * * * 
T 5.7 5.2 S168 47.2 «3105 E-6 «= 1222 E-9 4.713 1604 E-11 9848 E-10 4.277 «121 

294 (WET) L . . FC{Ke) : * * * 
i re(avy) 

422 L : * FU(LKy) * * * * 
T * * FC(aK,) * * * * 

450 L 0.06 0.05 187.5 170.7 .8387 E-8 .3302 E-6 9.724 .4568 E-9 2258 E-7 2.414.058 
T * * FC(AK,) * ® * * 

478 L 15.9 14.4 62.0 56.4 .4411 £-5 (1737 E-3 2.187. 7028 E-10 «3743 E-8 =: 3.207.046 
T 14.2 12.9 99.8 90.9 .1298 E-4 5111 E-3 3-630 -.1788 E-10 9996 E-9 3.720.055 
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1 | 


TEMPERATURE 
ae ed nme 
144 

298 (ARGON) 


298 (WET) 


450 


TABLE £6-3 OPTIMIZED FORMAN RATE PARAMETERS 


FOR 11.43 mm (.450 inch) THICK 2124-T851 ALUMINUM 


(R = .05 & .50, f = 200 cpm, BUCKLING RESTRAINED) 


ORIENTATION 


L 
T 
L 


rm 


MPa om 


78.9 
51.3 
112.2 
72.8 


05.0 
102.7 
98.1 


ksi in 


71.8 
46.7 
102.1 
66.3 


59.2 
93.5 
89.3 


c 
SI UNITS | ENGLISH UNITS 
5441 E-9 .1631 E-7 
.4973 E-9 .1478 E-7 
.1380 E-9 .3926 E-8 
5910 E-10  —-.1629 E-8 
FC (Ke) 
.7687 E-9 .2301 E-7 
.9112 E-8 .2959 E-6 
.2379 E-8 .7260 E-7 


= 


3.894 
3.982 
4.445 
4.782 


3.907 
3.044 
3.701 


- 986 
114 
344 
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TABLE E6-4 
OPTIMIZED COLLIEPRIEST RATE PARAMETERS FOR 11.43 mm (.450 (NCH) THICK 2124-1851 ALUMINUM 


(.05 & .50 stress ratio, 200 cpm frequency) 


EQUATION (4-2 EQUATION (4-4 
TEMPERATURE ak, K. C} clP 
(°K) ORIENTATION MPaVm ksiVin MPavm ksiv/in SI UNITS ENGLISH UNITS C, SILUNITS ENGLISH UNITS N(P) 
144 L 2.2 2.0 107.4 97.8 .9730 E-7 .3831 F-5 8.922 .3824 £-12 = .2316 E-10 4.569 
T * * FC(Ke) * * * 
294 (wRGON) L 4.4 4.0 145.9 132.8 .1663 E-5 .6551 E-4 7.662 .1140 E-11. 6785 E-10 4.386 
T * * FC(tKy} * * * 
298 (WET) L 3.3 3.0 102.2 93.0 .6377 E-6 .2510 E-4 = 5.962. .2635 E-10 1439 E-B = 3.470 
T 0.17 0.16 129.5 117.9 .1085 E-8 4272 E-7 13.994 .1490 E-17) = .8744 E-10 4.232 
450 L 4.5 4.1 109.2 99.4 .1318 E-5 -5189 E-4 4.407 .2632 E-9 1343 E-7 2.754 
T * * FC(K,) * * * 


STND. 


DEV. 
-193 


-208 


135 


-562 
.179 
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Appendix F 
ALTERNATIVE CYCLIC DATA ANALYSIS TECHNIQUES 


No standard technique has as yet been established to reduce raw specimen data 
(i.e., stress/crack length/cycle measurements) to (da/dN, AK) data or to analyze 
this data to establish the growth rate parameters associated with the Forman and 
Colliepriest rate models, equations (4-3) and 4-4). As a result, several techniques 
were considered, as summarized in Figure F-1. 

Basically, two different approaches can be used to evaluate the growth rate 
parameters associated with these models. The more commonly used approach consists 
of two steps; first, approximations are used to establish the derivative of the 
(N,a) data; second, the desired rate equations are fit te this approximated data. 

As shown in Figure F-1, several techniques were considered for approximating the 
first derivative. The first considered involved the use of a spline function to 
Fit the (N,a) data; this function is essentially a continuous segmented smooth 
function whose segments are sets of cubic polynomials. Two types were considered; 
the first, known as an interpolating spline ‘unction, produces a curve that is con- 
strained to pass through each data point. Such a curve would not be desirable for 
this application, since experimental error could introduce unrealistic inflection 
points for da/dN. The second type considered involved the use of least squares 
regression techniques to fit the sets of cubic polynomials. While this technique 
may have beci. applicable, it was not investigated because it has only been developed 
relatively recently and the necessary computer software was not readily available. 

The second approximation technique considered involved a segmented least 
squares approach in which the range of the independent variable (i.e., N) was broken 


up into three approximately equa] intervals. The data in each of the first two 
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intervals (corresponding to low and midrange N values) was fit by a polynomial in 
a least squares manner with the second polynomial constrained so that the two 
polynomials would have point and slope continuity at the point between the first 
and second segments. A rational function (bNt+c)/(N+d) constrained to have point 
and slope continuity with the second polynomial at the point between the second 
and third segments then fit to the last segment in a least squares manner. A 
rational function was chosen for the third segment since the magnitude of the 
crack length values in this range seems to grow as though the desired curve were 
asymptotically approaching a vertical line. The curve fits using this approach 
showed too many points of inflection for this segmenting approach to be considered 
a good mathematical method. 

A third approximation technique was considered which involved finding a low 
order polynomial, p, which passed through the point (Ni 5a) and was fit ina least 
Squares manner to the points closest to it. The derivative at the point (N;.a,) 
was then computed as: 


da, 
anc = p'(N.) (F-~1) 
1 


For example, if the flaw growth rate was desired for the sixth point in a series 
of (N,a) measurements, a low order polynomial passing through the sixth point 
would be fit in a Teast squares manner to data points 4, 5, 7, 8 in the data set. 
The resulting polynomial would be differentiated and then evaluated for the value 
of (N) at the sixth data point. Although this technique has been used successively 
for data reduction (Reference F-1), it was not investigated further because other 
techniques seemed to be more promising. 

The fourth approximation technique considered involved LaGrange interpola- 


tion. Calculating the derivative using the LaGrange polynomial of second or 
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higher degree was considered but not pursued because of the sensitivity of the 
technique to experimental error. Due to economic restraints and time limitations, 

a first order approximation (i.e., a simple divided difference) was finally adopted, 
as described in Section 4.2.1. The data reduction results indicated that this 
technique probably gives an adequate approximation to the derivative. 

Once the first derivative of the (N,a)} data was approximated, the resulting 
rate data had to be fit to the various rate models. Both linear and nonlinear 
techniques were investigated. The linear techniques involved the use of logarithmic 
transformations as described in Section 4.2.2; since the use of such transformations 
can introduce distortions into the analysis, both weighted and unweighted analyses 
were conducted. For this preliminary analysis, only the Forman rate model, equation 
(4-3), was investigated. As expressed in equation (4-9), the linearized form of 


this model is: 
[ss {0-9 K-okl] = Inc +n In ak (F-2) 
dn (| 
The unweighted least squares fit of the data to the linearized Forman model 
yielded values for C and n which resulted in a fairly good fit. However, it was 
observed that large residual values appeared as the dependent transformed variable 
in equation (F-2) became large. This effect, shown in Figure F-2, results from 
the nature of the logarithmic transformation used to linearize equation (4-3). 


This equation has the form 
y = cx" (F-3) 


r, = CX) . y, (F-4) 
If logarithmic transformations are used, the residual becomes: 
d. = (log C) +n log Xe > log Y, (F-5) 


F-4 
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(Data from Appendix D, Figure D5-3a) 
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If £ di? is minimized, the relative importance of the error for large values of 


Y is reduced. If Y has a small error AY, the error in log Y has an error roughly 


equivalent to AY/Y. Therefore, 


qd, 


lt 


i 


ey 


(F-6) 


Minimizing © a? is roughly equivalent to minimizing © (ry/y,)*. As a result, 


performing a least squares regression using logarithmic values unintentionally 


F~5 
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weights the error for smal values of Y more than that for the larger values. (It 
has been assumed that x. contains no error; this not really true, since X = AK, 
and thus contains some experimental error because this term is a function of the 
crack length, a.) 


To weight all errors approximately equally, the quantity 


eae 
ny, qd; 


must be minimized. This was attempted with the (N, .a;) data but the results were 
not satisfactory because the weights Ys varied over several orders of magnitude. 
This resulted in the larger data points completely dominating the remainder of the 
points in the fitting process. As shown in Figure F-2, the results were predictably 
poor for the range where the transformed variable, Yas was very smal? although there 


was reasonable agreement with the curve for the unweighted fit when da/dN was large. 


An alternative weighting technique has been suggested (Reference 7-2); it 
involves the use of a weighting factor equal to the inverse square root of the 
sum of the squares of the expected errors in log (da/dN) and Jog (AK). To 
employ this technique, an estimate of error would have to be made for every data 
point; such a procedure was considered too Jengthy for the quantity of data 
generated under this program. 

Nonlinear techniques were also investigated in an attempt to evaluate the 
parameters associated with equation (4-3) directly, without resorting to 
logarithmic transformations. In this investigation the value of Ke was also 
varied using a bisection technique within the least squares program to minimize 
the sum of the squares of the residuals. The results of this procedure are shown 
in Figure F-3. Unfortunately, the resulting fit showed poor agreement with the 
data for the range where da/dN was small. Reasonable agreement was obtained for 


the larger da/dN values. F-6 
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FIGURE F-3 
COMPARTSON OF LINEAR AND NON-LINEAR LEAST SQUARES ANALYSES OF CYCLIC DATA 


(Data from Appendix D, Figure D5-3a) 


The two step data reduction/analysis methods described above all introduce 
unknown amounts of analytical error; each suffers from the following defects: 
o the derivative, da/dN, is approximated and not directly measured, 
thus introducing analytical error; 
o the error in the “independent” variable, log (AK), is ignored when 


the rate equations are linearized; and 
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o the sum of the squares of the errors in the dependent variable 
{crack length) is not minimized. 
These difficulties would be overcome if the integrated form of the rate equations 
were fit directly to the empirical data. For example, the integrated form of 


equation (4-3) can be written as: 


N= aa + gala + y (F-7) 
where 
7 2(1-R)K. 
eg GN TAN 
C(2=n) (Aovr) 
= -2 


~ (340) (ao%e)™ | 
n/2 = [1.58(1-R)K, + abovnJ/[B(1-R)K. + ahovn} (F-8) 


m= 
AG * Snax ~omin 
y = constant of integration 


Once a, 8, y and m are determined, we can calculate: 


n = 2m (F-9) 
C = ~2/[3-n)a(Aadn)"!y (F-10) 
da/dN = a/[(1-m)a + (1.5-m)ava] (F-11) 


However, calculating a, 8, y, and m directly from the data (N..a,) is a nontrivial 
problem. The quantity to be minimized is: 

g = 2 [ay-W(Nes a By y> m)]° (F-12) 
where h is the implicit function a = h(N) defined by equation (F-8). Unfortu- 
nately this means that all coefficients a, 8, y, and m appear nonlinearly. 

Finding the values of the coefficients which minimize g requires solving the 


following system of nonlinear equations: 


F~g 
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ag/da = 22a,F. = 0 
99/38 = 2za,va.F. = 0 
9/38 yVaiF (F-13) 
ag/ay = 22 ayF; = 0 
ag/am = -2z[atsva, ][a,log a.JF, = 0 
where 
F. (a,-h(N.5 a,8s72m) ]/[a(1-m) + B(1 .5-m)/a-] 


From equation (F-9) it is seen that m can be expressed explicitly in terms of 
a and g so that one equation of system (F-13) is redundant. Nevertheless, 
solution of the "reduced" system still is a formidable problem. An attempt to 
numerically solve it for some hypothetical data values showed that unless the 
starting estimate for the solution was very good, convergence could not be 
achieved. 

The effort required to find a practical method for solving system (F-13) 


was beyond the scope of this study. 
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Appendix G 
CONVERSION FACTORS * 


TO CONVERT FROM TO MULTIPLY BY 
Fahrenheit kelvin Ty = (5/9) (Te + 459,67) 
inch centimeter 2.54 

inch millimeter 2.54 x 10°! 

kip kilonewton 4.448221 

kip meganewton 4.448221 x 10° 
kip/inch® (ksi) megapascal 6.894757 

ksi Vin MPa vm 1.099003 

lbf newton 4.448221 
Ibf/inch® (psi) pascal 6.895757 x 10° 
psi Vin Pa vm 1.099003 x 10° 


* From: £. A. Mechtly, “The International System of Units", NASA SP-7012, 1973. 
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